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ABSTRACT

The selection of an appropriate cutting tool for the production of different jobs in a flexible
manufacturing system (FMS) can play a pivotal role in the efficient utilization of the FMS. The
selection procedure of a cutting tool for different production operations becomes more significant with
the availability of similar types of tools in the FMS. In order to select and allocate appropriate cutting
tools for various production operations in the FMS, the tool selection rules are commonly used. The
application of tool selection rules is also observed to be beneficial when a system demands two or
more tools for the production operations at different work centers at the same time in the FMS. In this
paper, investigations are carried out to evaluate the performance of different tool selection rules in the
FMS. Moreover, some new tool selection rules are introduced whose significance is reported here. The
performance of the tool selection rules is evaluated by simulation with respect to different performance
parameters in the FMS, namely makespan, mean work center utilization (%), and mean automatic tool
transporter (ATT) utilization (%).

KEYWORDS: Autonomous tool transporter; Flexible manufacturing system; Tool selection; Rules;
Simulation.

1. Introduction types of jobs, which ensures the production of

The flexible manufacturing systems (FMSs) are
popularly used for profitable production
operations of a different mix of job types. The
FMSs are formed mainly by a combination of
various types of production components such as
machining centers, assembly centers, material
handling  components,  storage, retrieval
components, and inspection centers to name a
few [14], [18], [31], [2], [5], [2-5,6].

All the FMS components complete their
production assignments with high speed and
accuracy under centralized or decentralized
automatic computer control. The automatic
machining centers are capable to carry out one or
more than one machining operation on different
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jobs with minimum setup time. In advanced
machining centers, during a machining operation,
the job remains within the machining center until
all the machining operations are completed,
which also reduces the number of job transfers
from one machining center to another within the
FMS facility [29], [30], [15], [9-13], Sharma et
al. (2020)). This is the reason for keeping all
types and copies of cutting tools within the tool
magazine of machining centers so that the
required machining operation can be performed
on the job without any delay. Upon the
completion of a machining operation on the job,
the cutting tool is placed back into the tool
magazine, and the cutting tool remains un-
operational till a similar machining sequence is
called in the FMS. This may cause lower tool and
machine center utilization in the FMS and also
lowers down the overall makespan in the FMS. In
order to scale up tool and machine center
utilization, the un-operational cutting tools must
be shared by different machining centers installed
in the FMS facility so as to minimize cutting tool
requirement and also increase the makespan in


https://ijiepr.iust.ac.ir/article-1-896-fa.html

[ Downloaded from ijiepr.iust.ac.ir on 2025-07-05 ]

132 Evaluation of Tool Selection Rules In The Flexible Manufacturing System

the FMS [16-17].

While performing machining operations on the
jobs, the machining centers require different
cutting tools in the FMS. Sometimes, a similar
cutting tool is required by two or more machining
centers for similar or different machining
operations. The automatic tool transporters
(ATT) are mainly used for transferring cutting
tools from one machining center to another in the
FMS, as also portrayed in Figure 1. In order to
transfer tools from one machining center to
another in the FMS, different tool selection rules
are applied by the ATT. In this study, the
performance of eight types of tool selection rules
is evaluated for the FMS, as portrayed in Figure
1. The simulation is used to gauge the
performance of different tool selection rules
against different performance factors of the FMS,
namely makespan, mean work center utilization
(%), and mean automatic tool transporter (ATT)
utilization (%).

2. Literature Review
The ATTs are extensively used to transport
different tools from a tool magazine of a work
center to another in the FMS. The role of ATTs
becomes more significant in the FMS when FMS
is operating under a tool sharing environment.
The tool sharing in FMS can significantly
optimize the utilization of tools required for the
completion of production operations, increase
flexibility, and also minimize the investment of
funds on tooling component in the FMS, leading
to profitable production operations in the FMS.
The selection of tools for sharing and transfer can
be carried out by using different tool selection
rules so as to minimize the makespan in the FMS,
increase the throughput of the FMS, and optimize
the ATT operations in the FMS [28]. reported
results drawn from the experiments related to
different operation procedures in the FMS. The
FMS is composed of nine work centers and an
inspection center interconnected with the
automated material handling systems. The
authors considered the operation and tooling
allocation policies in a real-time job flow control
scenario and used simulation to test different
alternative approaches. The authors found that
the FMS to be significantly dependent on the
applied load and control procedures and the
weighted shortest process time (SPT) rule
performed best and significantly improved the
throughput of the FMS in the performed
simulation experiment. [4] attempted to analyze
the effectiveness of different tools, job variety,
and job similarities on the two types of tool

changes. Authors with a high variety of
scheduling decisions are constrained. The authors
observed the development of a few job launch
rules for the minimization of tool changes to be
less effective. The dynamic job selection from
gueues with an objective to minimize the
frequency of tool changes was also observed to
be less effective. The authors also presented a
simulation-based tool change computation model
for the FMS. [16] considered a case of an
automobile ancillary in which the cylinder head
and blocks are to be batch produced on four work
centers in the FMS. The authors analyzed the
aforesaid production scenario by simulation so as
to reduce the fund investments in tools by
proposing a tool sharing environment among the
work centers and by using the ATTSs in the FMS.
The production process plan, tool life, tool
transportation time, tool handling time, and tool
mix are supplied as input to the simulation
program. The output yield indicates that, after
reducing the fund invested in the tooling, the
FMS can still maintain its production rate during
the production of jobs. It is also observed that the
factor for fund investments in tooling
outperforms the extra fund investments in the
ATTs for the FMS. [23] observed tool
management as one of the significant aspects of
FMS operations software. In order to apply
proper tool management in the FMS, the FMS
hardware/software, part programming,
manufacturing control, etc. must be holistically
considered. Authors mentioned that in order to
yield high throughput in the FMS, the tool
management, tool transportation, tooling data
management, tooling maintenance, and tooling
process control are some of the significant tasks
that should be performed by the tool management
software in the FMS. [23] developed a generic
software application, which is observed to be
applicable to various types of FMS and flexible
assembly systems. [17] discussed different tool
loading and queuing methods for different work
centers in the production shop. Authors proposed
tool borrowing, tool returning procedure, and
heuristic and dispatching rules in a real-time
production scenario with an objective to increase
the throughput of the production shop. [1]
presented and compared four different tool
allocation and scheduling methods by using
three-part scheduling rules. Authors found that
the grouping and assignment of tools to different
machines performed better than the other tool
assignment procedures, namely tool migration
procedure or tool assignment based on tool
clustering. [24] worked on job sequencing, job
allocation, and tool loading issues in the FMS
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after considering the tool borrowing procedure
from different machine tools available in the
FMS. The authors used three different heuristic
procedures so as to minimize the formulated
objective function of total tardiness for given
jobs. The authors used sequential, scheduling,
and iterative procedures as heuristics. From the
results, it is observed that the iterative heuristic
procedure outperforms other applied heuristics
for solving the random issues in the FMS. The
authors  mentioned that the simultaneous
consideration of scheduling and loading issues in
the FMS could improve the solution vyield
significantly. [3] proposed a heuristic based on
tool life and tool size ratio for the tool selection
and allocation in the FMS. It was observed that
the proposed heuristic considers tools had a
higher ratio of tool life to tool size after
evaluating different production operations at the
work centers in the FMS. The authors also
discussed various benefits associated with the
significant tooling decisions in the FMS with a
practical approach. [21,22] applied simulation to
determine the effect of different scheduling rules
controlling the job launching and tool selections
in two different scenarios of the FMS. In the first
scenario, the work centers, tool transporter, and
job transporter are considered to be 100 %
reliable and always available for work in the
FMS. However, in the second scenario, those are
considered to be exposed to different failures.

The authors used different scheduling rules for
the job launching and tool selection work and
found the performance of SPT and EMDD rules
to be better than other applied scheduling rules.
In order to gauge the performance of different
scheduling rules, the authors considered different
performance measures: mean waiting time, mean
flow time, mean tardiness, and the percentage of
tardy jobs. [26] discussed a colored Petri-Net
procedure so as to implement a robust tool
sharing and control method. The proposed
colored Petri-Net procedure minimized the
number of tools requirements in the FMS and,
also, provided an optimum sequence. [25] solved
a multi-objective optimization issue by using a
novel integrated heuristic approach with an
objective to increase the workload of parts and
minimize makespan in the FMS and total loading
of FMS.

From the literature review, it is clearly evident
that a research gap for gauging the effect of
different tool selection rules on the performance
of FMS exists. In order to bridge the
aforementioned research gap in the present study,
a simulation approach is used to find the best tool
selection rule for different performance
parameters of the FMS: makespan, mean work
center utilization (%), and mean automatic tool
transporter (ATT) utilization (%).

ATT-2
( \
Work Center-3
P/D
Loading ~ /
and g \
Un . ATT-1 Work Center-2
Loading P/D
Center L )
e ™\
Work Center-1
P/D
(& J

Fig. 1. An FMS model

3. Problem Description
A hypothetical FMS model operating at 3 work
centers, one load/unload center, and two
automatic tool transporters (ATT) is portrayed

above in Figure 1 and, also, shown in Figure 4 as
run in ARENA software.
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The following assumptions are considered while
simulating the aforesaid FMS model in the
ARENA application.

i. The work centers (WC) and ATTs are
completely reliable.

ii. A work center will perform one operation at
a time.

ili. The machining times are deterministic in
nature.

iv. No rework is required on any job.

v. The job type mix and release are known.

The appropriate tool selection for a production
operation is a significant step for quality
assurance in the production of jobs in any
manufacturing system. The intelligent application
of tool selection rules in the FMS is highly
desirable to find and initiate transport of
appropriate tools to the required work center to
complete any machining operation on the job at a
work center [19]. The following tool selection
rules are used for their evaluation against
performance parameters in the FMS.

i.  Smallest distance travel of tool
transporter (SDTTT)- The tool delivery
request will be taken on the basis of tool
transporter traveling distance. The
smallest distance value will be given
priority.

ii.  Largest distance travel of tool transporter
(LDTTT) - The tool delivery request will
be taken on the basis of tool transporter
traveling distance. The largest distance
value will be given priority.

iii.  High tool life (HTL) - The tool with
maximum tool life will be selected first.

iv.  Low tool life (LTL) - The tool with
minimum tool life will be selected first.

v.  Highest operation completion time
(HOCT) - The production operation
having the highest completion time on
any machine will be provided with the
required tool.

vi.  Lowest operation completion time
(LOCT) - The production operation
having the lowest completion time on
any machine will be provided with the
required tool.

vii.  High material removal rate (HMRR) -
The production operation with a high
material removal rate on any machine
will be provided with the required tool.

viii.  Low material removal rate (LMRR) -
The production operation with a low

material removal rate on any machine
will be provided with the required tool.

3.1. Input data and system modeling

The FMS is operating with three work-centers,
two automated transporters, and one loading and
unloading center. The three work centers are
capable to perform any required machining
operation on the jobs, i.e., if a required cutting
tool is available on a work-center, job change
from one work center to another is not required.
The cutting tool is transferred by the ATT while
moving on a path in the FMS facility and the job
is transferred by using AGVs. There is no inter-
dependence between ATTs and AGVs, i.e., both
operate independently according to the
production requirements. Since several new tool
selection rules are introduced and the real-time
industrial information and tool selection related
industrial database is presently not available, the
various input parameters are found by using a
uniform distribution sampling process. The
uniform distribution sampling is used to find the
required number of operations on a particular job,
associated operation times to perform an
operation on a specific job and different
operation sequences on the job. The FMS is
considered to be operating with twelve cutting
tools, which are randomly assigned for a cutting
operation on a work center in the FMS. The
maximum and minimum range for the number of
operations is considered to be twenty and fifteen,
respectively, on the different jobs under
production in the FMS. The cutting operation
time ranges from eight-minutes to one hundred
minutes for different cutting operations on a job.
The cutting tools transfer is carried out by ATT;
however, the ATT is also capable of material
transfer or job transfer from one work center to
another. Therefore, the material transfer in the
FMS is also carried out by the ATTs available for
service only. The ATTs can move at different
velocity levels: 3 m/sec, 5 m/sec, 8 m/sec, and 11
m/sec. Job loading time takes eight minutes, and
job unloading time takes five minutes. The
distance between work centers and loading and
unloading station is ten meters.

The following performance measures of the FMS
are considered so as to evaluate the
aforementioned tool selection rules while
transferring the required cutting tools to the work
centers by using automatic tool transporters
(ATTS) in the FMS.

i.  Makespan.
ii.  Mean work center utilization (%).
iii.  Mean ATT utilization in the FMS (%).
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The simulation logic is portrayed in Figure 2 and
also developed in the ARENA application, as
shown in Figure 3. The simulation experimental
conditions are mentioned below [20].

Tool Not A 4
Auvailable

The length of simulation experiment runs
for the FMS: 1200 min.

Simulation transient phase time for the
FMS: 600 min.

Total number of simulation runs for the

FMS: 6

Allocation of jobs to the
work centers in FMS

Check Awailability of
Free Tool for the
Production Operation

No tool is free

Apply Tool Selection Rules

Availability of required Tool in

other Tool Magazine

Availability of
required tool is more
than one?

Yes

Tool Available

iv.

V.

Vi.

Vil.
Viii.

Apply Tool Selection Rules and

performance measure of FMS

Select Awvailable Tool for best

Part types in FMS: Six-part type equal
mix and Random-ly generated part type.
Total experiment run time for the FMS:
(600+ (6 X 1200)) X 2 = 16,000 min.
Speed levels of ATTs: 3 m/sec; 5 m/sec;
8m/sec; 11 m/sec.

Number of ATTs: 2.

Simulation application: ARENA.

TOOI AVaiIabIe Assign Tool and
»| Complete the Production
Operation

No

Fig. 2. The Simulation Logic
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4. Results
In order to gauge the performance of different
tool selection rules against some vital FMS
performance parameters, the FMS operating with
three work centers, two automatic tool
transporters, and one loading and unloading
center is simulated in ARENA application. The
FMS operates for the production of two types of
part mix: six-part type of equal mix and randomly
generated part type mix. The ATT speed is kept
at four levels while catering tool requirements
from one machining center to another in the

Fig. 4. FMS model in ARENA

given FMS facility. The simulation results of
makespan in FMS for the production of a six-part
type of equal mix and randomly generated part
type mix is tabulated in Table 1 and also shown
in Figures 5 and 6, respectively. From Figures 5
and 6, it is evident that all tool selection rules
offer the best results at an ATT speed of 8 m/sec,
and the performance of HMRR tool selection rule
yields the lowest makespan in comparison to all
other tool selection rules for the production of the
jobs in the FMS. However, the HMRR tool
selection rule has the best performance for the
production of a six-part type equal mix in the
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FMS in comparison to the production of the
randomly generated part type in the FMS.
Similarly, the results of other performance
measures, namely mean work center utilization
(%) and mean ATT utilization in the FMS (%),
for the production of the six-part type of equal
mix and randomly generated part type mix are
mentioned in Tables 2 and 3. The simulation
results of mean work center utilization (%) are
shown in Tables 2 and Figures 7,8 for the
production of the six-part type of equal mix and
randomly generated part type mix, respectively.
Moreover, the simulation results of mean ATT
utilization in the FMS (%) are shown in Tables 3,
Figures 9 and 10 for the production of the six-
part type of equal mix and randomly generated
part type mix, respectively.

According to the tabulated results mentioned in
Tables 2 and 3 and the plots shown in Figures 7,
8, 9, and 10, it is crystal clear that the high
material removal rate (HMRR) tool selection rule
yields the highest value of mean work center
utilization (%) and lowest value of mean ATT
utilization (%) in comparison to all other tool
selection rules. According to Figures 7 and 8, it is
observed that all tool selection rules offer the best
results for mean work center utilization at an
ATT speed of 8 m/sec, and the performance of
HMRR tool selection rule yields the highest
mean work center utilization in comparison to all
other tool selection rules under evaluation for the
production of the jobs in the FMS. From the plots
shown in Figures 7 and 8, it is observed that the
application of HMRR tool selection rule offers
the highest mean work center utilization for the
production of a six-part type equal mix in the
FMS in comparison to the production of the
randomly generated part type in the FMS.

The high mean work center utilization indicates
the high level of the engagement of work center
in the production of jobs, i.e., the work centers
are busy for maximum of time, and if a work
center is highly busy in the production of jobs,
the cutting tool transfer requirement drops for a
particular cutting operation; therefore, the mean
ATT utilization is reduced while applying the
HMRR tool selection rule. The plots shown in
Figures 9 and 10 clearly indicate that the mean
ATT utilization is minimum with the use of
HMRR tool selection rule and also reduces at a
high ATT speed. At a high ATT speed, the tool
transfer rate increases; therefore, ATT utilization

reduces in comparison to the work center
utilization.
Similarly, the performance of the smallest

distance travel of tool transporter (SDTTT) and
high tool life (HTL) is found to be at the second
and third positions (with a very minor
difference), respectively, for different vital
performance measures of the FMS under
consideration.

From the results, it is also evident that, at a high
ATT speed of 11 m/sec, the performance of all
tool selection rules is observed to be the same. At
a high velocity of ATT, the tool transfer
operation has no significant effect on the
production operations; therefore, the application
of tool selection rules also becomes insignificant
at the high ATT speeds. Hence, the vital
performance measures of the FMS including
makespan in the FMS, mean work center
utilization (%), and mean ATT utilization (%) of
the FMS are observed to be dependent on the
ATT velocity, selection and use of appropriate
tool selection rule, number of machining centers
in the FMS, and the number of ATTs used for
tool transfer operations in the given FMS facility.

Tab. 1. Makespan for the FMS

ATT

Speed SDTT LDTT LT HT HOC LOC HMR LMR SDTT LDTT LT HT HOC LOC HMR LMR
m/sec T T L L T T R R T T L L T T R R
Six-part type equal mix in FMS Randomly generated part type in FMS
Makespan (minutes)
3 623 669 702 642 735 685 612 667 601 624 653 603 699 641 590 643
5 610 641 686 621 701 663 597 634 583 508 624 591 651 627 567 596
588 611 657 592 673 637 569 597 557 562 567 561 632 586 533 552
11 637 637 637 637 637 637 637 637 596 506 596 596 596 596 596 596
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Fig. 6. Makespan (minutes) for the production of randomly generated part type in FMS

Tab. 2. Mean Work Centre Utilization (%)

SA;;Z; SDTTT LDTTT LTL HTL HOCT LOCT HMRR LMRR SDTTT LDTTT LTL HTL HOCT LOCT HMRR LMRR
m/sec
Six-part type equal mix in FMS Randomly generated part type in FMS
Mean Work Centre Utilization (%)
3 51.6 46.2 46 50 46.5 51.3 52.7 47.3 48.3 417 41.6 47 42.2 49.2 48.1 44.2
5 52.2 484 48 52 47.6 53.4 54.7 50.1 50.6 42.8 43.7 48 43.8 51.7 49.6 46.5
8 54.9 51.2 51 55 51 56.7 58.1 53.2 52.8 45.7 45.2 49 47.3 52.6 53.7 49.2
11 49.6 49.6 50 50 49.6 49.6 49.6 49.6 44.1 44.1 44.1 44 44.1 44.1 44.1 44.1
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Tab. 2. Mean ATT Utilization in the FMS (%)

ATT
Speed SDTTT LDTTT LTL HTL HOCT LOCT HMRR LMRR SDTTT LDTTT LTL HTL HOCT LOCT HMRR LMRR
m/sec

Six-part type equal mix in FMS Randomly generated part type in FMS
Mean ATT Utilization in the FMS (%)
3 40.3 44.8 43 41 434 426 39.2 44.7 43.7 46.3 451 43 477 459 43.2 47.1
5 37.2 42.1 41 39 418 396 36.8 41.8 40.6 449 432 A2 446 435 415 44.8
8 345 38.2 37 35 374 364 34.8 36.7 39.1 424 411 40 417 403 39.2 41.7

11 35.4 35.4 35 35 354 354 354 35.4 384 384 384 38 384 384 38.4 384
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5. Conclusion
The present study focuses on gauging the effect
of different tool selection rules on the
performance of FMS. The FMS composed of
three work centers, one loading, and unloading
centers, and two automated tool transporters was
modeled and simulated under eight different tool
selection rules so as to find the best tool selection
rule. In order to find the best tool selection rule,
the makespan in FMS, mean work center
utilization (%) in FMS, and mean automatic tool
transporter (ATT) utilization (%) in FMS were
considered as some of the performance measures
of FMS. It can be concluded that the high
material removal rate (HMRR) tool selection rule
outperformed all other tool selection rules for the
selected FMS performance measure. The
application of HMRR tool selection rule yielded

the lowest value of makespan in the FMS, the
highest value of mean work center utilization
(%), and the lowest value of mean ATT
utilization (%) in comparison to all other applied
tool selection rules in the FMS.
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