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Abstract. This paper presents a simulation-based search approach for the machining economics problem with stochastically distributed tool lives. It is evident that the life of cutting tools used in machining centers is modeled using proper probabilistic methods due to the stochastic nature of tool wear data. This makes the machining economic problem more complex and difficult to solve using deterministic optimization methods. Therefore, simulation could be the only possible way to solve this stochastic problem, as presented in this work. The objective it to find the process parameters (speed and feed) that minimize the total production cost per piece. Numerical examples are presented to demonstrate and validate the proposed approach.

Introduction

Tool life variability has long been considered as an important aspect of the machining economic problem. In this problem, the selection of machining conditions could be found according to any of the three objective criteria (minimum production cost, minimum production time and maximum profit rate). However, most of the existing solutions simplified the problem by considering tool life as a constant value. In addition, other aspects of machining operation such as catastrophic failure (e.g. tool breakage) are not considered in such solutions. This dose not reflect the practical situations which occurs in many machining operations.

Tool life is affected by several factors related to tool material, workpiece material, machining processes, and process parameters. This increases vagueness and uncertainty of tool life values. Many experiments have been done in various types of machining operations to find tool life variables; hence there are several forms of tool life equation. These experiments have indicated that tool life can be approximated by distribution functions such as normal, log-normal, exponential, etc.
Many researches have considered the machining economics problem using different solution approaches considering that the tool life is deterministic. These approaches include non-linear programming [1], geometric programming [2], circular direction search methods [3], dynamic programming [4];[5], simulated annealing and pattern search method [6], knowledge-based system [7], integer programming [8], fuzzy non-linear programming [9], and genetic algorithms [10].

Very few studies considered the tool life variability in the machining economic problem. Iakovou et al. [11] proposed analytical models and numerical procedures for simultaneously determining the optimal cutting speed and tool replacement policy in machining economics problems with stochastic tool lives. Their model is unconstrained optimization model based upon the basic Taylor tool life equation. Wysk et al. [12] presented a mathematical model for the selection of optimal machining parameters taking into account the probabilistic nature of the tool life and the probability of catastrophic tool failure. They used minimum production time criterion and a search technique to find the results. Jianqiang and Keow [13] used lognormal distribution to fit the tool life data and derived a model for determining optimal tool replacement intervals coupled with a forecasting tool replacement strategy. Doyle [14] presented a theoretical analysis to determine the optimum cutting speed, considering variable tool life for each of three common tool replacement policies. 

This paper presents a simulation model coupled with a search procedure to determine the optimal values of process parameters (cutting speed and feed rate), when the objective is the minimization of total production cost per piece. The model developed is single pass model with constraints, based on an extended version of tool life that incorporates both speed and feed. The rest of the paper is organized as follows; Section 2 presents the model formulation, Section 3 provides the proposed solution method, Section 4 presents the experiments and analysis of results, finally, Section 5 concludes the paper and ends with suggestions for future work.

Model formulation

The problem considered in this paper is a single pass model with constraints and stochastically distributed tool lives. The objective is to find the optimal values of speed and feed to minimize the total production cost per workpiece. The value of tool life can be divided into two types; planned tool life ( tp) and actual tool life (ta). Therefore, when running manufacturing operation, either one of the following two cases will occur. In the former case; the planned tool life is less than or equal to the actual tool life and tool is not deemed to have worn out until it is replaced. In the second case, the planned tool life is greater than the actual tool life; hence the tool is worn out before it is replaced. The tool may cause damage to the current part or a part requiring rework. In this case other cost elements are included into the objective function for the longer time required for replacement of the tool due to failure (tx) and raw material cost for scrap part (Cw).  In practice, the value of the actual tool life can be approximated by a proper probability distribution. Fist the following notation is presented:

Cm
machine and operator rate ($/min).

Co
tool life constant.
Cr
cost of the cutting tool ($/tool).

Cw
the material cost for scrap part ($/part).

f
feed of cutting tool (mpr).

Fc
cutting force (kp)

Fc-max
maximum cutting force.

fmax
maximum feed rate (mpr).

fmin
minimum feed rate (mpr).

k
constant.

mo, no
tool live constants.

Pm
machining power (kW).

Pm-max
maximum machining power (kW).

Ra
Maximum surface roughness (.(m).

Rq
surface roughness (.(m).

ta
actual tool life (min).

th
load and unload time (min).

tp
planned tool life (min).

tt
tool change time (min).

tm
machining time (min).

tx
extra time required to change the tool if (tp>ta).
v
cutting speed (mpm).
vmax
maximum cutting speed (mpm).
vmin
minimum cutting speed (mpm).
(, (, (
probability distribution constants.
In this paper, a number of distributions of the actual tool life are considered including normal, exponential, and Gamma distributions. The probability density functions for these distributions are as follows:
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(for Gamma (Erlang) distribution)
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Where, x in the above equations represents the actual tool life (ta) by wear. 

The planned tool life is calculated by the following extended Taylor equation:
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The minimum production cost can be expressed as:

Min:
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In general there are several constraints regarding process parameters to be considered in machining economics problems as follows:


Cutting speed constraint:
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Feed constraint:
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Surface roughness constraint: 
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Cutting force constraint:
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Power constraints:
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The objective function (5) is composed of machine idling cost due to the loading and unloading operations, machining cost, tool change cost, and tool cost. The last term in the objective function is calculated based on the condition of the associated tool life. Therefore, if (tp > ta), then there is extra time (tx) required for changing the tool and the material cost for scarp part (Cw) is included. More details about machining constraints can be found in Al-Ahmari (2001). To solve the above model a simulation-based search procedure is proposed.

Simulation-based Search Approach

It is suggested in the above model formulation that a simulation model coupled with a proper search procedure is the only possible way to find the optimal solution of process parameters. The simulation tool used in this paper is  “ARENA” from Rockwell Software. ARENA supports Microsoft Visual Basic Application (VBA) to allow for the creation of flexible simulation models, capable of being run and generating results. In addition, a simulation model can be controlled by writing a VB code for all the three categories of simulation events (pre-run events, Arena initiated run events, and model/user- initiated events). Figure 1 shows the simulation model developed for generating the tool life data and calculating the total cost per piece. SIMAN code is shown in the Appendix at the end of this paper.


Fig. 1. Arena model for machining economic problem.

The proposed approach is based on the following sequence of Arena actions and VBA events:

0. Run VB Program



[define program variables]



[define process boundaries]



[define search procedure]



[define output file – text fiel]

1. RunBegin  

2. Arena Checks and initialize the model



3. RunBeginSimulation


[select new values of process parameters]



[define process parameters as Arena variables]




4. RunBeginReplication





5. Arena runs replication




6. RunEndReplication


7.RunEndSimulation



[collect output data from Arena]



[define output variables in VB events]


8. Arena terminates the simuation run

9. EndRun

10. End VB code Program

The search algorithm used in VBA events is Hooke and Jeeves method with multi-start points to obtain the global optimum values. This search is based a sequence of exploratory and a pattern moves, starting at initial base points for both feed and speed. A step size for each variable is determined. The initial points are evaluated using the objective function during the simulation run. Then, the step size is used to generate new values. If new points result in a decrease in the objective function, then they selected as temporary base points. If neither of the two points provides better solution, the step size for the variable is reduced by half, and the exploration is repeated. The pattern move is used to accelerate the search by controlling the step size.

Simulation Experiments

Three simulation experiments are conducted for the three distributions of tool lives (normal, exponential, and Erlang (Gama)). Other values of machining economic problem are kept constant. These data are: Cm=0.25 $/min; th=2 min ; k=60 ; tt=3 min ; Cr=5 $/tool ;Cw=5 $/part; tx=10 min; no=0.35; mo=0.85; vmin=10 mpm; vmax=1000 mpm; fmin=0.5 mpr; fmax=1.5 mpr;

The three considered distributions of tool life in this paper are represented in the simulation model as:

Experiment 1: Normal distribution:

Norm (mean, standard deviation); mean =25 min and standard deviation =5 min.

Experiment 2: Exponential distribution:

Expo (mean), mean =25 min.

Experiment 3: Erlang distribution:

Erlang (Exp. Mean, k), Exp. mean =25 and k=3.

These distribution functions are used in the simulation experiments to generate the values of tool lives. For example, Fig. 2 illustrates portion of the generated data for tool life that follows Erlang distribution. 


Fig. 2. Values of tool life that follows Erlang distribution.

Data are collected during the simulation run and stored in the output file to be used for validation of results. Figures 3 to 5 illustrate the relationships between cutting speed and unit production cost for the three selected distributions of tool life.
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Fig. 3. Average unit production cost and cutting speed (the tool life follows normal distribution).
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Fig. 4. Average unit production cost and cutting speed (the tool life follows exponential distribution).
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Fig. 5. Average unit production cost and cutting speed (the tool life follows Erlang distribution).

The optimal values of process parameters and their associated unit production costs are obtained from the simulation model and the search technique. These values are illustrated in Table 1.

Table 1. The results obtained from simulation experiments.

	Tool life distribution 
   v*

   f*

     tp

   Cpr

	Normal (25,6)

422.5

1.5

17.09

0.557

Exponential (25)

708.5

1.5

3.02

0.775

Erlang (25,3)

366.5

1.5

27.52

0.554


It is clear from the above results that the mean tool life does not represent the actual tool life (the optimal replacement interval), but it is generally greater than actual tool life. Therefore, if the mean tool life is used to represent the expected value of tool life, the value of total production cost will increase.

Conclusion

To determine the process parameters in machining economics problem effectively, stochastic models for the behavior of this problem need to be developed. This can be fulfilled by using a simulation approach. In this paper, a simulation based search approach is presented using Arena and VBA. The values of process parameters are obtained when tool lives follow certain types of distribution including normal, exponential, and erlang distributions. The method has been verified by numerical simulation tests for the three selected distributions of tool lives.
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Appendix

SIMAN model:

;     Model statements for module:  Assign 1

0$            ASSIGN:        wpiececost=5:

                             failuertime=10:

                             kk=60:

                             feed11=1:

                             th=2:

                             cm=0.25:

                             tc=3:

                             cr=5:

                             constant=1.51e10:NEXT(1$);

;     Model statements for module:  Assign 2

1$            ASSIGN:        tla=erlang(25,3):

                             tm=kk/(feed*speed):

                             tlp=(constant/(feed**0.85*speed**3.35)):NEXT(2$);

;     Model statements for module:  Decide 1

2$            BRANCH,        1:

                             If,tla<=0,13$,Yes:

                             Else,14$,Yes;

13$           ASSIGN:        Decide 1.NumberOut True=Decide 1.NumberOut True + 1:NEXT(1$);

14$           ASSIGN:        Decide 1.NumberOut False=Decide 1.NumberOut False + 1:NEXT(3$);

;     Model statements for module:  Decide 2

3$            BRANCH,        1:

                             If,tlp<=tla,15$,Yes:

                             Else,16$,Yes;

15$           ASSIGN:        Decide 2.NumberOut True=Decide 2.NumberOut True + 1:NEXT(4$);

16$           ASSIGN:        Decide 2.NumberOut False=Decide 2.NumberOut False + 1:NEXT(5$);

;     Model statements for module:  Assign 5

4$            ASSIGN:        cpr=cm*th+cm*tm+cm*tc*tm/tlp+cr*tm/tlp:

                             cprtlp=cm*th+cm*tm+cm*tc*tm/tlp+cr*tm/tlp:NEXT(6$);

;     Model statements for module:  Assign 7

6$            ASSIGN:        counter=counter+1:

                             totalcpr=totalcpr+cpr:NEXT(7$);

;     Model statements for module:  Assign 8

7$            ASSIGN:        cpravg=totalcpr/counter:NEXT(8$);

;     Model statements for module:  Dispose 2

8$            ASSIGN:        Dispose 2.NumberOut=Dispose 2.NumberOut + 1;

17$           DISPOSE:       Yes;

;     Model statements for module:  Assign 6

5$            ASSIGN:        cpr=cm*th+cm*tm+cm*(tc+failuertime)*tm/tla+(cr+wpiececost)*tm/tla:

cprtla=cm*th+cm*tm+cm*(tc+failuertime)*tm/tla+(cr+wpiececost)*tm/tla:NEXT(6$)

;     Model statements for module:  Variable 1
طريقة محاكاة معتمدة على أسلوب بحث لتحديد معاملات عمليات التصنيع بوجود مدة عشوائية لأدوات القطع

عبدالرحمن الأحمري

أستاذ مشارك ، قسم الهندسة الصناعية– كلية الهندسة

جامعة الملك سعود – ص . ب:800 - الرياض 11421

المملكة العربية السعودية

( استلم في 18/06/2003م،وقبل للنشر في 24/12/2003م )
ملخص البحث. يقدم البحث طريقة محاكاة معتمدة على أسلوب بحث لدراسة مشكلة أقتصاديات التصنيع مع أعتبار وجود أدوات قطع ذات أعمار عشوائية. ومن الواضح أن أعمار أدوات القطع تندرج تحت توزيعات أحصائية معروفة نتيجة للبيانات غير المنتظمة لتآكل تلك الأدوات. هذا يجعل مشكلة أقتصاديات التصنيع أكثر تعيقدا مما يؤدي الى صعوبة حلها بالطرق المعروفة. لذلك يمكن أن تكون النمذجة بالمحاكاة هي الطريقة الوحيدة لحل هذه المشكلة كما يتضح من هذا البحث. حيث يهدف البحث الى تحديد معاملات (سرعة القطع و معدل التغذية) عمليات التصنيع التي يتحقق عندها أقل تكلفة إنتاج لكل قطعة. كما تم عرض أمثلة رقمية لإيضاح وتقييم الطريقة المقترحة في هذا البحث.
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		71		0.555144		17.578208

		72		0.555075		59.896439

		73		0.555007		105.937409

		74		0.554942		80.576911

		75		0.554878		29.370363

		76		0.554816		76.482823

		77		0.554755		37.855621

		78		0.554696		56.4971

		79		0.554638		53.061313

		80		0.554582		27.52298

		81		0.554528		59.500502

		82		0.554474		46.990454

		83		0.554422		126.600097

		84		0.554371		66.994352

		85		0.554321		109.42292

		86		0.554272		41.090972

		87		0.554225		118.311376

		88		0.554178		95.8858

		89		0.554133		64.950876
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