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There have been a number of ways of subdivision of total depth of cut 

during cost optimization in constrained multipass turning operation. The 

total production cost minimization is achieved by summation of the 

minimum costs of individual rough passes and finish pass based on the 

maximum possible selection of depth of cut for finish pass and distributing 

the balance of depth of cut among passes such as to achieve minimum 

range variation among all. The resulting subdivision of depth of cut yields 

lower or equal costs when compared to those determined by using 

traditional and nontraditional approaches suggested by other 

researchers.  
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1. INTRODUCTION 

In metal cutting operation, it is vital interest to the manufacturing engineer to consider 

production costs and of production rates. Although, in practice a high production rate 

would probably mean low production costs, it should be pointed out that these two 

factors must be considered separately and that the manufacturing conditions giving 

maximum production rate will not be identical to those conditions giving minimum 

cost of production.  

Analysis of production costs and production rates can be a complicated 

subject, and in many cases, the analysis will apply only to the particular operation in 

question. However, experience gained over the years had lead to certain empirical rules 

or guiding principles for choosing the optimum cutting conditions for a given 

machining operation, and it is the objective of this paper to illustrate how multipass 

turning operation can be optimized under certain constraints.  

In this study, the optimization is gained by minimizing the production cost 

which can be defined as the total average cost of performing the machining operation 

on a component using one machine tool. 

 

2. PREVIOUS WORK 

Machining economics has long been a field of interest for many researches. In this 

regard, the setting of speed, feed and depth of cut for the purpose of minimizing cost is 
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made. The maximum depth of cut for an individual pass is usually limited by either 

chatter or the physical dimension of a particular tool. Multipass turning is used if the 

amount of stock to be removed, as expressed by the total depth of cut, exceeds the 

maximum allowable depth of cut. As such, the subdivision of depth of cut is an 

important decision in multipass turning. Relatively little research work has been 

directed toward this type of problem.  
 

NOMENCLATURE

A1, A2, A3  Constants 

Cij  Minimum cost corresponding to 

dij depth of cut, $/piece 

dij  jth – Element of depth of cut 

series for ith pass, mm 

di min  Minimum allowable depth of cut 

for ith pass, mm 

di max  Maximum allowable depth of cut 

for ith pass, mm 

dr   Depth of cut for rough pass, mm 

ds  Depth of cut for finish pass, mm 

dt  Total depth of cut, mm 

D  Work piece diameter, mm 

fr   Feed for rough pass, mm/rev 

fs  Feed for finish pass, mm/rev 

fmin Minimum allowable feed, 

mm/rev 

fmax Maximum allowable feed, 

mm/rev 

h1, h2 Constants pertaining to tool 

travel and approach/depart time 

k0  Over feed cost, $/min 

k1 Constant in cutting force 

equation 

kt  Cost of a cutting edge, $/cutting 

edge 

L  work piece length, mm 

mi  Assumed number of divisions of 

depth of cut range in ith pass 

n  Assumed maximum number of 

rough passes 

Ra  The range 

Ts  Tool life in finish pass, min. 

U  Total production cost per unit, 

$/piece 

UCr Total cost for rough pass, 

$/piece 

Vmin Minimum cutting speed, m/min 

Vmax Maximum cutting speed, m/min 

Vr  Cutting speed for rough pass, 

m/min 

Vs Cutting speed for finish pass, 

m/min 

µ, ν  Exponents of feed and depth of 

cut in cutting power equation 

η  Constant 

Subscripts: 

i  for ith rough pass 

j  for jth value of depth of cut 

Superscript:  

opt  optional pass 

*  Corresponding to minimum 

value for single rough pass or 

finish pass

 

Iwata et al. [1] dealt with the problem of optimizing the number of passes 

required together with the cutting speed, the feed, and the depth of cut at each pass for 

a given total depth of cut to be removed from the work piece, considering both the 

probabilistic nature of the objective function and the constraints in the machining 

processes. Applying the concept of dynamic programming and stochastic programming 

to solve the single pass problem, it has been realized that, this is not a simple dynamic 

programming problem since the optimal number of passes (or number of stages in a 

multistage decision system) are not predetermined and they are to be determined 

during optimization.  
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Lambert and Walvekar [2] have also developed a dynamic programming 

model for multipass turning operation under constraints of force, cutting power and 

surface finish, but they have, however, considered two pass turning examples only. 

Subsequently, Yellowbelly and Gunn [3] have shown that for both turning and milling 

operations, the optimal subdivision of depth of cut may be determined without 

knowledge of the relevant tool life equation, the important constraint of surface finish 

of the final product thus left out and they have considered cutting power and torque 

constraints. For practical considerations, this does not seem to be right since the quality 

of the final product depends on the surface finish achieved in the finish pass.  

Shin and Joo [4] have presented a practical method of optimizing machining 

parameters under the minimum production cost criterion and realistic machining 

constraints. A mathematical model has been developed for this multi-variable, 

nonlinear programming problem. By dividing the cutting process to multi-pass rough 

cutting and finish cutting operation, the model has been proved to be more realistic. A 

practical strategy of planned tool replacement has been adopted and the machine idle 

time, which typically is considered to be constant, was redefined as sum of constant 

and variable terms. Further, several machining constraints have been considered 

including surface finish constraint. For optimization, the conventional differential 

method and dynamic programming method have been used, leading to a relatively 

simple and reliable optimal solution for the optimization problem. However, they have 

selected depths of cut based on using the minimum depth of cut in the finish pass and a 

number of rough passes of equal size such that the minimum cost is obtained. This 

practice does not yield an optimal solution when compared with the approach 

presented by Gupta et al [5]. In their work, the production cost model of Shin and Joo 

[4] was adopted and suitably modified to incorporate a method of determining the 

optimal subdivision of the total depth of material to be removed. The total production 

cost minimization was achieved in two steps. The first step was the minimization of 

costs for rough and finish passes for various fixed depths of cut. The values of depths 

of cut were selected from a series of allowable depths. In the second step, an optimal 

combination of depths of cut of rough passes and the finish pass, the optimal number of 

passes, and the minimum cost were determined. An integer programming model was 

developed for this purpose. The minimum total production cost, subdivision of total 

depth of cut and optimal number of rough passes were determined. Techniques such as 

integer programming, geometric programming, dynamic programming and ’branch and 

bound’ techniques tend to obtain a local optimal solution. Considering the drawbacks 

of traditional optimization techniques, attempts are being made to optimize the 

machining problem using nontraditional techniques [6-11]. 

 

3. SOLUTION PROCEDURE FOR THE SUGGESTED 
APPROACH 

Optimization of metal cutting operation means determination of the optimal set of 

operating conditions to satisfy an economic objective within the operations constraints. 

The results obtained from the optimization search will depend on the mathematical 

model of the process, and greater extent on the optimization method used. However, 

there is a large number of metal cutting optimization techniques which may be used for 
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engineering applications. Each of these techniques has its features, merits and 

limitation. Hence, the successful use of a technique in one of the engineering 

applications does not mean that this technique is suitable for all other applications. The 

final decision of selection of one of the optimization methods depends upon the case 

being investigated, the individual preference and the individual experience. In the 

current study the optimization problem can be decomposed into two separate 

optimization subproblems for roughing and finishing operation which convey a 

similarity to the concept of dynamic programming.  
 

3.1. Concept of Dynamic Programming  

Dynamic programming is a well known technique of operations research. It is a 

mathematical procedure designed primarily to improve the computational efficiency of 

solving selected mathematical programming problems. Dynamic programming is 

basically concerned with the theory of multi-stage decision processes which may be of 

a deterministic nature when once a decision is made the outcome is uniquely 

determined. The two fundamental features of dynamic programming are: first, the 

original problem has been reduced to a series of subproblem stages each with exactly 

one optimizing variable and second, the decision making mechanism is such that once 

a decision is made for a particular stage, this must be followed by the best, or optimum 

decision for the rest of other stages. The computations at the different stages are linked 

together and the optimal solution to the entire problem is reached. 
 

3.2. The Model  

Based on the minimum cost criterion, the well — known objective function for 

multipass turning using the extended Taylor’s tool life equation is given by [5]:  
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 2102 hLhkA          (5) 

and the relationship between Tp and TS is defined as  


S

p

T
T           (6) 

For minimization of production cost, there are several constraints to be 

considered, i.e. speed constraint, feed constraint, depth of cut constraint, surface finish 

constraint cutting force constraint and power constraint. 
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3.3. The Solution Methodology 

Minimum total production cost will be adapted as the objective criterion for the 

formulation of the problem. There are two phases by which the total production cost is 

achieved. In the first phase, separate minimum cost for the individual rough passes and 

finish pass are determined - and tabulated for various fixed values of depth of cut. The 

value of depth of cut is selected from a series of depths. In the second phase, optimal 

subdivisions of depth of cut for rough passes and finish pass, optimal number of passes 

and minimum total production cost are determined using a modified dynamic 

programming approach. 
 

Phase 1 

This phase consists of determining costs for individual finish or rough pass considering 

various fixed values of depth of cut. A series of depths of cut is defined. The jth 

element of the series, for ith pass dij is 

  imin,max,min, m 2,..., 1, 0,j     / 







i

iiiij m
j

dddd     (7) 

where mi for i =0, 1, 2,… n is a suitable integer, the value of mi is selected considering 

di,max and di,min and the compromise between the requirements of optimization and 

computer time. It may be noted that the numerical value of quotient (q/p -1 ) in 

equation (3) is negative. Therefore, minimization of cost for finish pass can be 

achieved by using the maximum permissible value of feed under the constraints. The 

following steps are used to find the cost for finish pass.  

Step 1. The maximum feed value satisfying the following constraints is determined for 

a given depth of cut 
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Step 2. For the *

Sf
, Tp  and dS the quantity *

S
 is obtained using,  
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Step 3. Next the minimum cost for the finish pass is obtained using the following 

relationship 
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These steps are also applicable for finding minimum cost for rough pass, for 

each dS = doj, j= 0, 1, 2,… mi., minimum finish cost *

S jCU
is determined using steps 1 to 

3. These costs are tabulated along with optimum values for speed *

Sj and feed *

Sjf . 

Similar procedure is adopted for various  dri = dij , j = 0, 1, 2,…mi, i = 1, 2,…n,  and  

each rough pass *

rijCU , *

rijC
 and *

ijrf
are determined.  

 

Phase 2 

In this phase, an optimal combination of depths of cut  opt
Sd  and opt

rid  , i= 1, 2,…n, 

optimum number of rough passes  n
opt

, and total minimum production cost U
opt 

are 

determined. Let n be the maximum number of rough passes required, the number of 

passes needed to remove the total depth of material will be (n+l); including the finish 

pass. The integer variables Xij ; i=0,1,2, … n; j = 1,2,… m are defined such that. 

i=0 ; implies finish pass.  

i=1, 2,…n; implies ith rough pass.  

j=1, 2,…mi ; implies correspondence to jth depth of cut  

Xij=1 if dj value of depth of cut is selected in ith pass.  

Xij= 0 if dj value of depth of cut is not selected in ith pass.  

The minimization of total production cost U is given by the following model 

minimize  
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where corresponding to a particular dij, *

S jCij UC  for i=0; and *

rijCij UC  for i=1, 2,…n. The 

objective equation (8) is minimized subjected to the following constraints: 
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Constraint (10) implies that there is only one doj selection for the finish pass 

and the finish pass must always be selected. Constraint (11) implies that there is only 
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one dij selection in case a rough pass is selected. Constraint (12) implies that the sum of 

individual depths of cut is equal to total depth of cut. The following constraint implies 

that the individual rough depths of cut selected must be of the minimum range and not 

equal to zero. 

Ra = min (dijmax – dijmin)        (13)  

Where Ra: the range, dijmax: maximum depth of cut for rough passes and dijmin: 

minimum depth of cut for rough passes. 
 

Illustrative Example  

The multipass example given by Shin and Joo [4] and considered by Gupta et al [5], is 

considered here again for the purpose of examination and explanation for the proposed 

method. The following are the data of the problem: 
 

D = 50mm L = 300mm Dt = 6mm 

dmin = 1.0mm di, max = 3.0mm i = 0, 1,…n 

fmin = 0.1mm/rev fmax = 0.9mm/rev Co = 6x10
11 

vmin = 5m/min vmax = 500m/min p = 5 

Tmin = 25min Tmax = 45min q = 1.75 

Fmax = 200kgf Pmax = 5kW k1 = 108 

Rr = 0.1mm Rmax = 0.01mm μ = 0.75 

R = 1.2mm ν = 0.95 ξ = 1 

h1 = 7x10
-4 

h2 = 0.3 ko = 0.5$/min 

kt = 2.5$/cutting edge kp = 0.75min/piece te = 1.5min/cutting edge 

r=4.75   
 

For the given data A5, A1 and  A2 are calculated by using equations (2), (4) and 

(5) respectively. The calculated values were A5 = 0.375, A1 = 0.249; (assuming Tp = 

25min) and A2 = 0.255 

For dt up to 10.0 mm, the maximum number of rough passes are assumed to be 

3. The values of mi for i = 1, 2,…n is taken as 20 for generation of depth of cut series. 

Therefore,  

di0 = 1.0mm 

di1 = 1+(3.0 – 1.0)(1/20) = 1.1mm 

di2 = 1.2; di3 = 1.3 and so on up to di20 = 3.0mm 

The minimization of the total cost U may be stated as  

5

1
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U Umin AU
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 
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Phase I  

In this phase the cost for finish pass and rough pass are minimized separately for 

various depths of cut. The cost minimization problem for finish pass may be stated as  
15.065.0

C .249.0255.0   Umin
S SS df   

Subjected to  
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A computer program was developed for this case, and the values of *** ,, SjCSj S j
Uf 

 

were calculated using steps 1 to 3 for various depths of cut ds=doj ,   j  = 0,1, mo. These 

values are entered in the Table 1.  
 

Table 1 Optimal Cutting Parameters and Costs when the  

Total Stock is Removed in a Single Finish Pass 

Sample 

No. 

dij 

(mm) 

*
Sijv  

(m/min) 

*
Sijf  

(mm/rev) 

*
CSij

U  

($/piece) 

0 1 179.5 0.31 0.788 
1 1.1 177.0 0.31 0.766 
2 1.2 174.7 0.31 0.803 
3 1.3 172.6 0.31 0.809 
4 1.4 170.7 0.31 0.816 
5 1.5 168.9 0.31 0.822 
6 1.6 167.3 0.31 0.827 
7 1.7 165.8 0.31 0.832 
8 1.8 164.4 0.31 0.837 
9 1.9 163.0 0.31 0.842 

10 2 161.8 0.31 0.847 
11 2.1 160.6 0.31 0.851 
12 2.2 159.5 0.31 0.855 
13 2.3 158.4 0.31 0.859 
14 2.4 157.4 0.31 0.863 
15 2.5 156.4 0.31 0.867 
16 2.6 155.5 0.31 0.870 
17 2.7 154.7 0.31 0.874 
18 2.8 153.8 0.31 0.877 
19 2.9 153.0 0.31 0.880 
20 3 152.2 0.31 0.884 

 

The cost minimization problem for the rough pass is stated as; 
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The values of *** ,, rijCrijrij Uf   are determined for dr = dij, j=0, 1,…m. These values 

are entered in the following Table 2. It can be noted that these values are the same for 

all rough passes (i=1, 2, …n).  

 

Table 2 Optimal Cutting Parameters and Costs when the  

Total Stock is Removed in a Single Rough Pass 

Sample 

No. 

dij 

(mm) 

*
rijv  

(m/min) 

*
rijf  

(mm/rev) 

*
rij

U  

($/piece) 

0 1 123.6 0.900 0.522 

1 1.1 121.9 0.900 0.525 

2 1.2 120.3 0.900 0.5290 

3 1.3 118.8 0.900 0.532 

4 1.4 117.5 0.900 0.535 

5 1.5 116.3 0.900 0.538 

6 1.6 115.2 0.900 0.541 

7 1.7 114.2 0.900 0.544 

8 1.8 113.2 0.900 0.546 

9 1.9 112.3 0.900 0.549 

10 2 111.4 0.900 0.551 

11 2.1 111.1 0.889 0.556 

12 2.2 112.6 0.838 0.569 

13 2.3 114.1 0.799 0.583 

14 2.4 115.5 0.750 0.597 

15 2.5 116.9 0.712 0.611 

16 2.6 118.3 0.678 0.625 

17 2.7 119.6 0.646 0.639 

18 2.8 120.9 0.617 0.653 

19 2.9 122.1 0.590 0.666 

20 3 123.3 0.566 0.680 

 

Phase 2 

The same applied problem given in the beginning was analyzed. The results obtained 

are given in Table 3. These results have also been obtained using the method 

developed by Shin Joo [4] , Gupta et al. [5] , Saravanan et al. [11] and Satishkumar et 

al. [12]. All are listed in the same table.  

Figure 1 shows the visual comparison among the cost obtained from each 

method. For dt = 8mm the proposed method results in 3 rough passes, two of 2.3mm 

and one of 2.2mm with range of 0.1mm and a finish pass of 1.2mm. This gives a cost 

of 2.913 $/piece which is less than those obtained by Gupta’s et al Shin et al methods 

and Simulated Annealing Method in the paper of Satishkumar et al, namely 2.946$ , 

2.94$ and 2.915$ respectively. 
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Table 3. Comparison of Results for Proposed Model with Gupta et al,  

Shin and Joo and other Nontraditional Methods 

 Sample 

No. 

dt 

mm 

opt
Sd  

mm 

opt
rd 1

 

mm 

opt
rd 2

 

mm 

opt
rd 3

 

mm 
n

opt U
opt 
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P
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6.0 
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9.0 
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10.0 

1.2 
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1.2 

1.2 

1.2 

1.2 

2.3 

2.3 

2.4 

2.5 

2.7 

2.9 

2.5 

2.3 

2.4 

2.6 

2.8 

2.9 

- 

2.2 

2.5 

2.7 

2.8 

3.0 

2 

3 

3 

3 

3 

3 

2.372 

2.913 

2.983 

3.053 

3.123 

3.193 
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1.2 

2.7 

2.0 

3.0 

3.0 

3.0 

3.0 

2.1 

3.0 

2.0 

3.0 

3.0 

3.0 

- 

2.0 

2.5 

2.0 

2.3 

2.8 
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3 

3 

3 

3 
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2.371 

2.946 

3.006 
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3.123 
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6.0 

8.0 
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9.0 

9.5 

10.0 

0.4 

0.4 
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However this cost is equal to the cost obtained by Genetic Algorithm but more 

than the cost obtained by Ant Colony Optimization in Satishkumar et al paper [12] 

where the cost is 2.911$. Further, the proposed method yields significantly less cost for 
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dt = 8.5mm and 9.0mm comparing with  Gupta’s et al Shin et al methods. This is 

because combination of rough passes with minimum range and a finish pass on the 

higher side of the recommended range of finish pass have a higher feed rate than other 

combinations suggested by the other methods mentioned earlier. The proposed method 

gives lower cost when it is possible to reduce the range among rough passes and use a 

finish pass on the higher side of the recommended finish pass range. Also, this leads to 

reduce number of passes.  
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Fig.1. The cost obtained from each analysis method  

 

4. DISCUSSION AND CONCLUSION 

In this paper, the optimal subdivision of total depth of cut during cost optimization 

method in multipass turning with constraints was investigated. The proposed model 

was based on the total production cost minimization by summation of the minimum 

costs of individual rough passes and the finish pass. The cost of each rough pass or 

finish pass was independently minimized and then the optimal subdivision of total 

depth of cut was obtained. It has been used the strategy of selecting a combination of 

rough passes with minimum range and a finish pass on the higher side of the 

recommended finish pass range. This yields  a lower minimum cost than that obtained 

by commonly practiced strategy of having minimum depth of cut in the finish pass and 

removing the remaining depth of cut in number of rough passes of equal size 

developed earlier by other researchers.  

The results of the illustrative examples and its variation show that the proposed 

methodology should be advocated for the selection of depths of cut for rough passes 

and finish pass in contained multipass turning operation. For various depths of cut 

ranging from 6mm to 10mm, minimum production costs, which are lower than or equal 

to the ones found using other published methods were obtained.  
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 نموذج مقترح لتحقيق الطريقة المثلى لعملية الخراطة المقيدة والمتعددة الأشواط
توجددالعديا دداللددقلعدتدددهدلعدتددتلتيددافللدددديلتلاا ددالمق ددقلتوا ددد لثنجددعاليلدددلعد تددد لعد  ددتلم نددع ليل  ددد ل
عدخهعت لعدتود  لبغده لت   دقلت دعد فلعدتلغ قييو ردتيه لعدبلادالعدلادعدتلته  د لل تهلاد لدت   دقلت دعد فل

لددغ قلل عهندد لبتددهدلرددعب  لتددللتتب  يددعلدددنتملعدغدده يلويددالتددللتتب دددلعدته  دد لعدل تهلادد لي دديليل  دد لعدت
عدخهعتد لعدتود د لعدل  دداللوعدلتيدااللع لدوعتليددقلته ددلت رد لليلدددلعد تد لعد  دتلعدلددهعالتلدغ   للدديليدداال

مندد ل ل ددقلعيتلددعاللددقللهعلاددقلعدتخلدد قلبىيددقللدداإلبعم ددعق للددديللهلا دد لتنيدد للوعلادداليلويددالم بتدد لعدنتددع  ل
عدته  د لعدل تهلادد ل ددلقلعدتدهدلعدت   ا دد لعدل  دديلدت   دقلت ددعد فلعدتلددغ قلديل  د لعدخهعتدد لعدتود دد للعدل  ددالل

 وعدلتيااللع لوعتلي

 


