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Summary: Optimization of machining parameters is of prime importance for increasing machining efficiency and economics. Among traditional optimization methods, in recent years, modern meta-heuristic algorithms are being increasingly applied for solving machining optimization problems. The aim of this paper is to investigate possibilities of discrete Monte Carlo (MC) method for solving machining optimization problems which were solved by the past researchers using meta-heuristic algorithms. To analyze the applicability and performance of discrete MC method, two case studies of machining optimization problems, were considered. Although MC method is stochastic in nature, while solving machining optimization problems it has been demonstrated that probability of finding optimal value over 99.99% is achieved within few seconds. Specific features and merits of discrete MC method were also discussed.
Key words: machining, optimization, discrete Monte Carlo method
1. INTRODUCTION
Machining is one of the most important and widely used manufacturing processes. Machining processes are very complex and highly nonlinear processes governed by a number of controllable and non-controllable parameters as well as on theirs interactions. They are performed in specific tribo-mechanical system consisting of five basic groups: workpiece, cutting tool, cutting conditions, interface and machine tool.
In real production environment for a given workpiece material cutting conditions are usually determined made based on experience and knowledge of a machinist (or a production planner), machining handbooks and manufacturers’ recommendations. However, these cutting conditions do not guarantee an optimum outcome. Furthermore, the selection procedure usually implies trial and error approach hence it is time consuming. The most adverse effect of such approach may lead to product quality deterioration, increase in operation cost and machining time, decrease in productivity, etc. [1].
The more advanced methods for determination of cutting conditions which can be relatively easy applied in real production environment without going into the machining theory are based on the use of theory of planning of experiments, mathematical modeling and optimization. Since optimization of machining processes is a non-linear multimodal optimization with constraints, fast convergence speed of modern meta-heuristic algorithms to the nearly global optimal solution, made them to become preferable choice by most researchers and practitioners. However, one of the main drawbacks of meta-heuristic algorithms include inability to prove optimality and the fact that the optimization performance is highly dependent on fine tuning of algorithm specific parameters which control the optimization search process [1]. Moreover, in some cases, optimal solution, determined by using a meta-heuristic algorithm, is being rounded to the nearest possible discrete value that could be achieved on a given machine tool [2], which is also one shortcoming.
The main motivation behind this paper is to investigate the applicability and efficiency of a discrete Monte Carlo (MC) method for solving machining optimization problems. The main advantage of such approach is that techno-technological limitations of machine tools, i.e. possibilities of machining parameter values selection are considered. Moreover, this conceptually simple, parameter-free method is direct and very easy to use. Two machining optimization case studies were considered for demonstration of the approach. The obtained optimization solutions were compared with the optimization solutions obtained by the past researchers using meta-heuristic algorithms.
2. MACHINING OPTIMIZATION
Importance for saving costs, maintaining competitiveness in a fierce market and ever-growing demand for high quality machined products, necessitates optimization of machining processes. The ultimate goal of machining optimization is to select machining parameters (inputs) values such that the machining performance characteristics (outputs) are enhanced. 

In machining optimization problems the aim is usually to optimize an objective function, often representing a machining performance, under some machining parameter constraints. The problem may be expressed as follows [3]:
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where X is the vector of machining parameters, f(X) is the objective function to be minimized (maximized), gi(X) is the i-th functional constrain, and Xlj and Xuj are lower and upper bounds of j-th machining parameter Xj.

Depending on considered criteria, one can formulate and solve single and multi-criteria optimization problems, however, the ultimate aim is an increase in product quality and productivity and decrease in machining cost and time.

Development of new cutting tools of different materials and geometry, new workpiece materials, lubrication agents and coatings resulted that in most cases objective functions are developed empirically which implies the selection of experimental design, realization of experiment, data collection and development of mathematical equations using different modeling techniques, e.g. regression analysis, artificial neural networks, goal programming, etc [3].
3. RANDOM NUMBERS AND DISCRETE MONTE CARLO METHOD
The term Monte Carlo method was coined in the 1940s by physicists S. Ulam, E. Fermi, J. von Neumann and N. Metropolis under the name “statistical sampling”. MC methods are used for a long time, but only in the last few decades, the methods have gained the status of fully rounded numerical methods. At the heart of any MC method is a random number generator: a procedure that produces an infinite stream of random variables that are independent and identically distributed according to some probability distribution. When this distribution is the uniform distribution, the generator is said to be uniform random number generator [4].
Lets consider discrete uniform distribution which has many applications in science. In a (finite) discrete distribution, a finite number of values (x1, x2,...., xn) are equally likely to be observed, i.e. each xi has probability of 1/n. Discrete uniform distribution of real numbers on [a, b] is given in Fig. 1.
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Fig. 1 Discrete uniform distribution
A major virtue of MC methods is the ease of implementation and efficacy of parallel processing. The simplest and most universally applicable technique is parallelization by identical, independent processes (IIP) parallel. One measure of the power of IIP parallel is seen in its likelihood of finding the goal. Suppose that a given method has probability q of success. Then running m instances of the algorithm increases the probability of success to [5]:
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For example, if the probability of finding a suitable objective value is only q = 0.0001, running it 1000 times results in success to less than 10%. However, if 10000 runs are done, the chances exceed 60%, and if 50000 runs are done the chances exceed 99.99%.
4. CASE STUDIES
Before the actual application of discrete MC method for solving machining optimization problems one needs to define the search step for each machining parameter. This step defines the number of possible values for each machining parameter inside the optimization hyper-space. Smaller steps imply dense search grid, however, when for determination of search step it is of prime importance to consider which values for a given machining parameter can be easily set on the given machine tool. It is clear that different machining parameters have different search step values. For example, in order to create relatively dense search grid for the purpose of optimization, in case study 1 search steps for cutting speed, feed rate, depth of cut and tool nose radius and d were set to 0.5, 0.01, 0.01 and 0.4 respectively, which resulted in 326073 possible machining parameter values combinations. For 326073 possible machining parameter values combinations, the probability of finding optimal objective value is only q = 1/326073= 0.0000030667979. However, running the optimization 3000000 times results in fact that the probability of finding optimal objective value is over 99.99%. The search step values and probability of finding optimal objective value for other case studies were determined similarly.

It has to be noted, that for a given polynomial mathematical model with several independent variables, tens of millions of MC runs are performed within few seconds. Morover, it has been previously shown that between computational time and number of machining parameter combinations there exists a perfect linear correlation, indicating that machining optimization problems with more machining parameter combinations can be solved very fast [3]. In order to demonstrate the efficiency of the proposed approach for solving machining optimization problems the computational time for each case study is presented. Desktop Intel Core i7-2600 CPU@3.4GHz with 12 GB RAM computer was used.
4.1 Case study 1
Bhushan et al. [6] presented the genetic algorithm (GA) approach for optimization of surface roughness in turning of Al Alloy SiC particle composite material using carbide turning inserts. On the basis of the experimental results, Bhushan et al. [6] developed the following mathematical model for optimization of surface roughness:
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where x1 is cutting speed, x2 is feed rate, x3 is depth of cut and x4 is tool nose radius.

The values ranges for machining parameters used in optimization procedure and comparison to optimization solutions found by Bhushan et al. [6] by using GA and the discrete MC method are given in Table 1.
Table 1 Optimization solutions for case study 1
	Parameters and objective function
	Search step
	GA
	Discrete MC

	Cutting speed (m/min)

[90 - 210]
	0.5
	207.055
	210

	Feed rate (mm/rev)

[0.15 - 0.25]
	0.01
	0.151
	0.15

	Depth of cut (mm)

[0.2 - 0.6]
	0.01
	0.201
	0.2

	Tool nose radius (mm)

[0.4 - 1.2]
	0.4
	1.199
	1.2

	Surface roughness (µm)
	
	1.06509*
	1.0498

	* Corrected values

	Number of possible combinations = 326073; Number of runs = 3000000; 

Probability of finding optimal value > 99.99 %; Computational time = 0.67s


4.2 Case study 2
Sanjeev et al. [7] presented the GA approach for optimization of surface roughness in turning of polytetrafluoroethylene (PTFE) material. The authors developed regression model for predicting surface roughness based on cutting speed (v), feed rate (f) and depth of cut (d). Mathematical relationship between the surface roughness and machining parameters was obtained as follows:
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where x1 is cutting speed, x2 is feed rate, and x3 is depth of cut.

The values ranges for machining parameters used in optimization procedure and comparison to optimization solutions found by Sanjeev et al. [7] by using GA and the discrete MC method are given in Table 2.
Table 2 Optimization solutions for case study 2
	Parameters and objective function
	Search step
	GA
	Discrete MC

	Cutting speed (m/min)

[150 - 275]
	0.5
	158.06
	150

	Feed rate (mm/rev)

[0.1 - 0.3]
	0.01
	0.164
	0.3

	Depth of cut (mm)

[0.5 - 2.5]
	0.01
	1.719
	2.5

	Surface roughness (µm)
	
	61.92
	37.483

	Number of possible combinations = 1059471; Number of runs = 10000000;

Probability of finding optimal value > 99.99 %; Computational time = 1.63s


5. CONCLUSION

This paper presented an investigation of the possibilities of using discrete MC method for solving machining optimization problems. On the basis of the analysis of the obtained results the following conclusions related to the discrete MC method capabilities for solving machining optimization problems can be made:
· optimization solutions that had been determined by past researchers using meta-heuristic algorithms were either validated or improved,
· machining optimization based on discrete MC method takes into account techno-technological possibilities of machine tools and the determined solutions can be easily set on a given machine tool,
· unlike meta-heuristic algorithm one can easily calculate the probability of finding optimal value, and the one over 99.99% is achieved within few seconds,

· the salient advantage of the application of discrete MC method is that it is possible to obtain a population of optimization solutions. This is particularly advantageous in machining practice considering different machine/tool constraints and limitations.
Possibilities of using discrete MC method for solving multi-objective machining optimization problems will be the scope of future research.
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