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Abstract — Generation of optimal index positions of cutting
tools is an important task to reduce the non-machining time of
CNC machines and for achievement of optimal process plans.
The present work proposes an application of Particle swarm
optimization algorithm, as a global search technique, for a
quick identification of optimal or near optimal index positions
of cutting tools to be used on the tool magazines of CNC
machines for executing a certain set of manufacturing
operations. Minimization of total indexing time is taken as the
objective function.

In today’s manufacturing environment, several industries
are adapting flexible manufacturing systems (FMS) to meet
the ever-changing competitive market requirements. CNC
machines are widely used in FMS due to their high flexibility
in processing a wide range of operations of various parts and
compatibility to be operated under a computer controlled
system. The overall efficiency of the system increases when
CNC machines are utilized to their maximum extent. So to
improve the utilization, there is a need to allocate the
positions of cutting tools optimally on the tool magazines.

Keywords — CNC Machines, Flexible Manufacturing
Systems, Particle Swarm Optimization Algorithm.

I. INTRODUCTION

A. Automatic Tool Changer
An Automatic Tool Changer is equipment that reduces

cycle time’s by automatically changing tools between cuts.
Automatic tool changers are differentiated by tool-to-tool
time and the number of tools they can hold.CNC machines
are in general, more expensive than general purpose man-
operated machine tools, special attention is given to the
design of the NC machines and production tooling in order
to reduce the time spent in both work and machine set up.
Tooling systems for NC are designed to eliminate operator
error and maximize productive machine hours. CNC tool
changers allow a machine to perform more than one
function without requiring an operator to change the
tooling. A CNC tool changer can quickly change the end
effectors without the requirement of multiple robots. Tool
changers can be a manual tool changers or automatic tool
changers. A CNC tool changer fulfills the requirement of
multiple tooling for a wide variety of machine tools. A
CNC machine tool raises the productivity by automatically
translating designs into instructions for a computer
controller on a machine tool. The spindle axis of a CNC
machine tool fixes the chucks which is integral to the
lathe’s functioning. A CNC tool storage system is an

organized, efficient, and secure method of storing tools at
all stages and time. The main component of a CNC tool
storage system is a CNC tool holder. A CNC tool holder is
suitable for vertically storing all types of preset tools

Tool changer is equipment which is used in CNC
machines to reduce the cycle time. The term applies to a
wide variety of tooling, from index able insert, single point
tools to coded, preset tool holders for use in automatic tool
changers. It includes power-actuated, cross-slide tooling
and turret tool holders for single spindle chuckers,
interchangeable-block boring tools. A number of basic
types of tool holders are available that accommodate most
face mills, end mills, drills, reamers, taps, boring tools,
counter bores, countersinks, and spot facers. Arbor type
cutters such as face mills and shell end mills are held in
arbor type tool holders. Shank type mills are held in
positive lock holder. Drills, reamers and boring tools are
held in a straight shank collet type holder. Taps are held in
a tension and compression collet type holders.

II. METHODOLOGY

Determination of the optimal sequence of manufacturing
operations is a prerequisite for the present problem. This
sequence is usually determined based on minimum total
set-up cost. An application of PSO is to find the optimal
sequence of operations. Once the sequence of operations is
determined, the following approach can be used to get the
optimal arrangement of the tools on the magazine.

Step 1: Initially a set of cutting tools required to execute
the fixed (optimal) sequence of the manufacturing
operations is assigned. Each operation is assigned a single
cutting tool. Each tool is characterized by a certain
number. For example, let the sequence of manufacturing
operations {M1-M4-M3-M2-M6-M8-M9-M5-M7-M10}
be assigned to the set of cutting tools {T8-T1-T6-T4-T3-
T7-T8-T2-T6- T5}. The set of tools can be decoded as {8-
1-6-4-3-7-8-2- 6-5}. Here the manufacturing operation M1
requires cutting tool 8, M4 requires 1 and so on. In total
there are eight different tools and thus eight factorial ways
of tool sequences possible on the tool magazine.

Step 2: PSO is applied as the optimization tool to find
the best tool sequence that corresponds to the minimum
total indexing time. For every sequence that is generated
by the algorithm the same sequence of index positions
(numbers) is assigned. For example, let the sequence of
tools {4-6-7-8-2-5-3-1} be generated and hence assigned
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to the indexing positions {1-2-3-4-5-6-7-8} in the
sequential order, i.e. tool 4 is assigned to the 1st position,
tool 6 to the 2nd position and so on.

Step 3: The differences between the index numbers of
subsequent cutting tools are calculated and then totaled to
determine the total number of unit rotations for each
sequence of cutting tools. Absolute differences are to be
taken while calculating the number of unit rotations
required from current tool to target tool. This following
section describes an example in detail. The first two
operations M1 and M4 in the pre-assumed fixed sequence
of operations require the cutting tools 8 and 1,
respectively. The tool sequence generated by the algorithm
is {4-6-7-8-2-5-3-1}. In this sequence tools 8 and 1 are
placed in the 4th and 8th indexing positions of the
turret/ATC. Hence the total number of unit rotations
required to reach from current tool 8 to target tool 1 is | 4-
8 |= 4. Similarly the total number of unit rotations required
for the entire sequence is | 4-8 |+| 8-2 |+| 2-1 |+| 1-7 |+| 7-3
|+| 3-4 |+|4-5 |+| 5-2 |+| 2-6 |=30.

Step 4: Minimization of total indexing time is taken as
the objective function. The value of the objective function
is calculated by multiplying the total number of unit
rotations with the catalogue value of turret/ATC index
time. If an index time of 4 s is assumed then the total
index time required for the tool sequence becomes 120 s.
Step 5: As the number of iterations increases PSO
converges to the optimal solution.
A. Allocation policy

The following are the three cases where the total number
of available positions can be related with the total number
of cutting tools employed.
Case 1 The number of index positions is equal to the
number of cutting tools

Case 2 The number of index positions is greater than the
number of cutting tools (a) without duplication of tools,(b)
with duplication tools

Case 3 The number of index positions is smaller than
the number of cutting tools If the problem falls into case 1,
duplication of cutting tools in the tooling set is not
required as the second set-up always increases the non-
machining time of the machine. In case 2, the effect of
duplication of cutting tools should be tested carefully.
Most of the times the duplication of tooling is too
expensive. Case 3 leads to finding the cutting tools to be
used in the second set-up. However, other subphases are
possible in cases 2(b) and 3. The duplicated tools may be
used in such a way that no unloaded index is left on ATC
or some indexing positions are left unloaded.
B. Problem Description

The example part taken for the present work is shown
in Figure 1. It contains 18 features. The features and their
abbreviations are listed in Table 1. The operations required
to execute the features are exhibited in Table 2. The pre-
assumed fixed sequence of operations and the assignment
of a cutting tool to each operation are shown in Table 3.

The maximum number of cutting tools and the indexing
time of ATC are taken as 28 and 0.69 s, respectively. The
objective lies in finding the positions of cutting tools on
the tool magazine for completing the sequence of
operations: M1-M2-M3-M4-M5-M6-M7-M8-M9-M10-
M11-M12-M13-M14-M15-M16-M17-M18-M19-M20-
M21-M22-M23-M24-M25-M26-M27. The corresponding
tools required to perform the above operations in the
sequential order are T1-T1-T2-T3-T4-T2-T2-T2-T2-T5-
T6-T5-T7-T5-T5-T8-T9-T5-T10-T5-T11-T5-T12-T5-
T13-T5-T14. The total number of different tools required
here are 14 and hence there are 14 (!) ways of sequencing
the cutting tools.

The problem described here falls into case 2(a) where the
total number of index positions is greater than the number
of cutting tools without duplication of tools. PSO is
applied to get the set of positions of cutting tools that
result in the minimum total indexing time to complete the
above stated fixed sequence of operations.

III. PARTICLE SWARM OPTIMISATION (PSO)

A. Introduction
PSO was first introduced by kennedy an Eberhart (1995)

as an optimization method for non-linear functions with
continuous variables. The initial intention of PSO was to
simulate the social behavior of flocking birds searching for
food by means of exchanging knowledge among flock
members. By applying simple formulae, Kennedy and
Eberhart developed an optimization algorithm that mimics
this knowledge sharing. Each individual in the flock was
represented by a point in a two- dimensional space, and
future movement of each point in the search space is
determined using a combination of previous experience of
the individual, and of other individuals in the group.
Author [3] Solving the Machine Loading Problem in
Flexible Manufacturing Systems Using Particle Swarm
Optimization. Author [4] Maximising manufacturing
system efficiency for multi-characteristic linear assembly
by using partical swarm optimization in batch selective
assembly. Author [5] Suggested Online velocity
optimization of robotic swarm flocking using particle
swarm optimization (PSO) method.

Table 1: List of features and their abbreviations
Feature
number

Type Abbreviations

1 Through hole F1-T-HOL
2 Through hole F2-T-HOL
3 Blind slot F3-B-SLT
4 Blind step F4-B-STP
5 Face slo F5-F-SLT
6 Blind hole F6-B-HOL
7 Rectangular pocket F7-R-PKT
8 Face slot F8-F-SLT
9 Through slot F9-T-SLT
10 Through step F10-T-STP
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11 Rectangular pocket F11-R-PKT
12 Blind hole F12-B-HOL
13 Face F13-FACE
14 Through hole F14-T-HOL
15 Through hole F15-T-HOL
16 Through hole F16-T-HOL
17 Blind hole F17-B-HOL
18 Blind hole F18-B-HOL

Table 2 : Operations assigned to the features
Abbreviation Operation Feature

M1 Face milling F13-FACE
M2 Step milling F10-T-STP
M3 Step milling F4-B-STP
M4 Slot milling F3-B-SLT
M5 Slot milling F9-T-SLT
M6 Slot milling F5-F-SLT
M7 Slot milling F8-F-SLT
M8 Pocket milling F7-R-PKT
M9 Pocket milling F11-RPKT

M10 Center drilling F6-B-HOL
M11 Twist drilling F6-B-HOL
M12 Center drilling F12-BHOL
M13 Twist drilling F12-BHOL
M14 Center drilling F1-T-HOL
M15 Center drilling F2-T-HOL
M16 Twist drilling F1-T-HOL
M17 Twist drilling F2-T-HOL
M18 Center drilling F14-THOL
M19 Twist drilling F14-THOL
M20 Center drilling F15-THOL
M21 Twist drilling F15-THOL
M22 Center drilling F16-THOL
M23 Twist drilling F16-THOL
M24 Center drilling F17-BHOL
M25 Twist drilling F17-BHOL
M26 Center drilling F18-THOL
M27 Twist drilling F18-THOL

Fig.1.Example part

The PSO heuristic is applied by first generating a
number of random solutions (or positions of particles) in
the solution space. PSO searches for the optimal solution
by updating positions. Each particle is updated by means
of two ‘best’ values, namely Pbest and gbest in successive
iterations. The Pbest is the best solution a particle has
achieved so far. The gbest is the best value obtained so far
by any particle in the population. The quality of each
particle position is even evaluated based on the objective
function. To proceed from iteration k to the k+1, the
velocity of a particle i is calculated using the following
equation,

i
k

i
k vv *1  +C1*rand()*  i

k
i
k sp  +C2*rand()*

 g
k

g
k sp  (1)

The new position of the particle is obtained as follows:

i
k

i
k

i
k vss 11   (2)

 -Inertia weight;
i
kv -Velocity of particle i in the current iteration k;
i
kv 1 - Velocity of particle i in the next iteration k+1;

i
kp -The best solution that particle i reached

throughout iterations 1, 2, …….k,;
g
kp - The best solution that the group has reached

throughout iterations 1, 2, …..k,;
i
ks - Particle i position in the current iteration k;
i
ks 1 - Particle i position in the next iteration k+1;

rand()- Uniformly distributed random number generated
between 1 and 14; C1 & C2 - Learning factors.
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IV. PROPOSED PSO ALGORITHM

In this work, a PSO based algorithm has been designed
to find the best combination of mating parts to maximize
the manufacturing system efficiency. The basic search
process of the proposed algorithm is shown in Figure 4,
and the design layout of this algorithm is given below.
A. Input module
The input data required is
1. Number of tools 14
2. List of features and their abbreviations given in table 1
3. Operations assigned to the features given in table 2
4. Cutting tools assigned to optimal sequence of

operations given in table 3
B. Initialization module

Five possible combinations of mating parts are
considered in the initialization module. Matrix [1] shows
the initial population consists of five particles. Each and
every particle in the initial population has five rows.























1312119857610142431

9813121175610142431

1312115109876144321

1312115109876432141

9813125111076144321

(1)

C. Evaluation module

Matrix [1] is called i
ks and the manufacturing system

efficiency is calculated for all particles. From the table 4
maximum total indexing time in seconds is corresponding
to the second particle Hence, the second particle is

selected and is called gbest
g
kp for the first iteration. The

g
kp is then converted into the same size of i

ks (i.e., 5 x

14), by repeating the same row, which is shown in matrix
[2]. The particle will not move at the beginning. So, for

the first iteration, the initial velocity i
kv is taken as zero

and i
kp = i

ks . rand() is a matrix created by random

numbers between 1 and 14.

=























9813121175610142431

9813121175610142431

9813121175610142431

9813121175610142431

9813121175610142431

(2)
Table 4: Total indexing time in seconds for all particles

Particle
No

Total indexing
time in seconds

1 36.57
2 42.09
3 40.02
4 35.88
5 38.64

Inertia weight, w is decreased linearly from 0.9 to 0.4.
C1 and C2 are learning factors: C1 = C2 = 2. Vmax, the
maximum change that one particle can take during one
iteration is taken as 14.
Substituting the above values in the equation,

i
k

i
k vv *1  +C1*rand()*  i

k
i
k sp  +C2*rand()*  i

k
g
k sp 

-(3)

=0.9*0+C1*rand()*  i
k

i
k sp  +C2*rand()*  i

k
g
k sp  -(4)

=C2*rand()*  i
k

g
k sp  -(5)

Firstly, to find, matrix [1] is subtracted from matrix [2].
For example, the first subdivision of the first particle of
matrix [1] is subtracted from the first subdivision of the
first particle of matrix[2]:
 9813121175610142431

–  9813125111076144321

=  00006451402110 

Similarly all the rows are calculated and given in matrix
[3]:

 i
k

g
k sp  =






























44233220000000

00000000000000

44271231402110

4427123141012110

00006451402110

(3)



















894812

61395

1351110

961282

(4)

Generating random numbers from 1 to 14 develops 5 x 5
matrixes. The random matrix for the iteration is shown in
matrix [4]. Matrix [4] and matrix [3] are multiplied. For
example, first row of matrix [4] is multiplied with the first
column of matrix [3]:

rand () *  i
k

g
k sp 

 961282 *























0

0

0

0

0

=























0

0

0

0

0

Similarly all the cells of the matrix are calculated. The
resultant matrix is multiplied by C2 (C2=2). Modulus of 14
is taken for each cell value of this resultant matrix, so that

all the entries in the matrix will be less than 14. i
kv 1 for

the first iteration. i
ks 1 is obtained by adding i

ks and i
kv 1 .

Modulus of 14 is taken for the each cell value of this
resultant matrix. The repetition of value is overcome by
altering the repeating value of the missing cell value in the
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order 1, 2, 3… 14. Matrix [5] shows i
ks 1 . From the

second iteration onwards, i
ks 1 becomes i

ks , and i
kv 1

becomes i
kv . The above procedure is repeated until the

termination criterion is met.

rand() *  i
k

g
k sp  * C2























1413121193510246871

1314111098534621271

1110987654143121321

1210811791254143621

1312851134914267101

(5)
D. Termination criterion

The whole process of PSO is repeated until there has
been no improvement for ‘x’ number of consecutive
iterations. After many trials it is found that 14 is the best
value for ‘x’.
E. Output Module

The best combination of matting parts obtained by PSO
is given as the output. The best combination is given.

V. RESULT

The optimal sequence of tool positions on the ATC after
applying the proposed algorithm is T1-T2-T3-T4-T14-T7-
T6-T10-T5-T11-T12-T13-T8-T9. This is depicted in
Figure 3.

Fig.3. Optimal sequence of tool position on ATC

The optimal sequence has taken 50 unit rotations of
ATC or in other words a total indexing time of 33.81sec.
The slower the ATC, the higher is the gain. The PSO and
the Ant colony algorithm (ACA) with the parameters as
taken in reference [1] are coded in MATLAB and
executed on a Pentium IV with 2.8 GHz processor. The
time taken by ACA to get the solution is 26 s. On the other
hand, when PSO is used the execution time has been
reduced to 14 s. It is observed that PSO gets the optimal

solution in quicker time than ACA. Figure 2. exhibits the
convergence of PSO. The best solution obtained in each
iteration is plotted against the iteration number. The
optimal solution is obtained in the 10th iteration. To
ensure the optimal solution, the graph is extended for a
maximum of 18 iterations.

VI. CONCLUSION

Since the present problem can be modeled as a traveling
salesman problem, the present work deals with the
development of a PSO-based system for the optimization
of turret index positions of cutting tools to be used on the
turret or ATC magazine of the CNC machine tools. Even a
small saving in the total turret indexing time will cause a
significant increase in machining time in high volume
production. This leads to increased utilization of CNC
machine tools and hence the overall efficiency of the
system.
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