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Abstract The present investigation presents a stochastic model for a flexible manufacturing
system consisting of flexible machine, loading/unloading robot and an automated pallet-
handling device. We consider unreliable flexible manufacturing cell (FMC) wherein machine
and robot operate under individual as well as common cause random failures. The pallet-
handling system is completely reliable. The pallet operation times, |oading/unloading times
and material handling times are considered to be random and exponentially distributed. By
constructing governing equations for various system states at equilibrium, the steady-state
probabilities are obtained. Some system characteristics namely utilization rate of the handling
system, utilization rate of the production machine and utilization rate of the robot etc. are
obtained. Some special cases are also discussed for reliable and unreliable cells. Sensitivity
analysis is facilitated to examine the effect of parameters on system performance by taking
numerical illustration.

Key Words Flexible Manufacturing Cell (FMC), Pallet-Handling Device, Reliability, Common
Cause Failure, Robot, Loading/Unloading

Ghils pdy Gl A5 Gleetnnw s Joie bl e K 4 (o >l s kS
o a s Sl bl SOl vy SOy Sl el /SIS0 by el Glaadl b
Cod Dby g pedle a5 bl 5 Cod tedee 2 o0y Gl C}.: Jlosle daly S osgs
Sldkes sl r;luﬁ;&;);\) e ses L sy ek Sl ol
Lo as,$ J.Ja_» 03 Sl eS| o5 L Sl sl J,a_: 5 Jem 5 ola,l /o s,lAS5L
s o)L: Al edel ety L3 SV SVl | Jslas ciliss sl sl S S¥slas Lo
E) .X:.J).; WLA JJ,;_)LS (N J.A 9 J,q&- A.l_:..uj )‘ oslazal ;,:pj.w Lole V.MMM» Slasin )‘
el by ek sl sl ens SNV L el sy oL S s e
B) (et Db, o Jelse S50 bl Gl camles SJUT (st Slgaws 5 ool 0 ld Cns

il 03 S fgad 5

1. INTRODUCTION

At various stages of design, planning and
operation, system engineer is involved in many
manufacturing cells. To address manufacturing cell
design and flexibility issues, a wide range of
modeling techniques are available. A variety of
products can be manufactured on the one and same
outfit because of new techniques and production
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concepts in industry by introducing flexibility into
the production machines in order to obtain desired
demand for customized products. Thus to achieve
this flexibility, even with limited investment
flexible manufacturing cells (FMC's) consisting of
one or more flexible machines, material handling
system and robot etc. have been used which may
have the facility to be subsequent integration into a
flexible manufacturing system (FMS) for larger
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volume of production.

Several authors have contributed their research
work in this direction. Solberg [1] investigated a
mathematicd modd of computerized manufacturing
sysems. Buzacott and Shanthikumar [2] studied
models for understanding manufacturing flexible
systems. Kimeria [3] discussed hierarchical control of
production in flexible manufacturing systems.
Buzacott and Mandelbaum [4] described flexibility
and productivity in manufacturing systems.
Mandelbaum and Brill [5] suggested measures of
flexibility for production systems. Siedmann [6]
provided on-line scheduling of a robotic
manufacturing cell with stochastic sequence dependent
processing ratesin his paper.

Mandelbaum and Brill [7] adso gave examples of
measurement of flexibility and adaptivity in
manufacturing systems. Chan and Bedworth [8] gave
design of a scheduling system for flexible
manufecturing cells. Hutchinson e d. [9] developed
scheduling approaches for random job shop flexible
manufacturing systems. Askin and Standrige [10]
considered the andlysis of manufacturing systems
using analytical and experimental models. Dallery
[11] studied the failure and repair times in
stochastic models of manufacturing systems using
generalized exponentia distributions. Choi and
Lee [12] offered a heuristic approach for machine
loading problem in non-preemptive flexible
manufacturing systems. Savsar [13] made the
reliability anayss of a flexible manufacturing system.
Recently, a dynamic scheduling for a flexible
processing system was studied by Nam [14] by
considering an open processing network model
with discretionary routing. Choi and Lee [15]
discussed computational algorithms for modeling
unreliable  manufacturing systems based on
Markovian property.

The common cause failures (CCF) have been
receiving increasing attention because of redization
that the assumption of independent unit failures maybe
violated in the red life environment of manufacturing
system, so is the case with flexible manufacturing
cell (FMC) wherein both robot and machine may
fail ssimultaneously. Hughes [16] considered a new
approach to common cause failure. Dhillon and
Anude [17] gave a comprehensive review of the
common cause falures in engineering systems.
Littlewood [18] gave the impact of diversity upon
common mode of failures. Jain and Ghimire [19]
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analyzed the reliability of k-r-out of N: G system
subject to random and common cause failure. Jain
[20] described the reliability analysis of two-unit
system with common cause shock failure. A detail
description of common cause failure can be found
in Dhillon [21]. In this paper, we study a stochastic
model to determine the characteristics of a flexible
manufacturing cell under random  operational
conditions which include random failure of cell
components, random processng times, random
mechine loading/unloading times and random pallet
transfer times. The machine and robot both fail
individually as well as due to common cause
whereas material-handling device is assumed to be
completely reliable.

2. A STOCHASTIC MODEL

We consider a flexible manufacturing cell (FMC)
consisting of machine and robot, which may be fail
individually and also due to common cause failure.
There is also a provision of fully reliable and
automated part-transfer device called pallet, which
is capable of delivering n free blanks consisting of
different parts into the cell. The robot goes to the
pallet, grips a blank, takes it to the machine and
loads the same. On the completion of the
machining operation, the robot moves to the
machine, grips the part, reaches to the pallet and
fills the part in its proper spot. After this, robot
takes up another blank, goes to the machine and
loads the blank to the machine. This operation is
kept on till the completion of all n blanks. After
completion of the operation, the parts are moved
out of the cell by the pallet and a new pallet with a
set of n blanks is delivered to the cell
automatically. The processing times, robot's
loading/unloading times, pallet transfer times and
the machine's operational and failure times are
assumed to be random and exponentialy
distributed. The system states, in order to model
the FM C operation, are defined as follows:
Sjx Steady-state of the flexible manufacturing
cell
Pk  Steady-state probability of system being in
state S,j,k
[ The number of blanks on the pallet and on
the machine or on the robot gripper in the
flexible manufacturing cell.
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Figure 1. Transition rate diagram of the FMC.

] The state of the production machine (j=0
when the machine/cell is idle, j=1 if
machine is operating on a part and j=d in
the sense when machine is down and under
repair
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The state of the robot (k = 0 if the robot is
not busy in loading/unloading the machine,
k = 1 when the robot is loading/unloading
the machine and k = d in case of the robot
isdown and under repair)
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The notations used for modelling purpose are
given as below:
W Pallet transfer rate i.e. pallets/unit time
u Unloading rate (parts/unit time) of the robot
I L oading rate (parts/unit time) of the robot
z Combined loading/unloading rate (i.e.
parts/unit time) of the robot
Failure rate of the production machine
Failure rate of the robot
Common cause failure rate of the robot and
machine
Repair rate of the production machine

Repair rate of the robot

Production rate of the machine
The number of parts/pallets

>

o1 Q

S < ™TE

3. STEADY-STATE EQUATIONS AND
ANALYSIS

In order to analyze, the stochastic model discussed
in previous section, we construct the difference
equation by considering the inflow and outflow
rate at various system states as shown in Figure 1.
Now the steady-state equations governing the
model are given by

| Proo=WPg00 (1)
uP0,0,1 = wP0,0,0 )
V Po10+ BPooa= (0 +u)Pogs (3)
O Prxo1=(B + 8) Poxod » X=1,2, ..., N 4

\Y) Pn—x,l,O + BPn—x,O,d = (O( + Z) Pn—x,O,lv X=1,2 ..... n-1

)
A Pn—x,l,O = (p. + 6) Pn—x,d,Oa X :1,2. ..N (6)
MU Pn—x,d,O +Z Pn—x+l,O,l = ()\ +V) Pn—x,l,Ov X =1,2...,n (7)

On solving the Equations 1-7 recursively, we
get

w
Proo = T Po.o.0 (8)
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W
Poo1=—Pooo )
u
i \i-1
I::’i,0,1: : (*)En - Pooo, 12 1
viuz' (u+9)' (B+9)

(10)
where ¢=ad+(E+du,n=A0+(+dv and
p=0d+(B+9)z
P @8NP b 01201

TV e By
(11)
MEn'p’
Pyo—=— . . P 1=012,....n-1
’d’O_VI+luzl (u+6)l+l([3+6)|+1 000
(12)
aw
Pood= P, 13
0,0,d (B+6)U 0,0,0 ( )
CX(A)EI']I i-1 )
I:)i,O,dz P(),(),o, I=1,2,.....,n-1

viuz (u+9)' B+
(14)

To obtain the vaue of Py, We gpply the following
normalizing condition:

n d d
222 Rik=1 (15)
i=0]=0k=0
so that we have

_H, 0,0, wén -¢ [
POE U v+ B+ H 1-¢

% (B+5)E+VU(B+5)51 w% u+6%

(16)
where @= NP
vz(u +9)(B + 9)
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4. SOME SYSTEM CHARACTERISTICS

In this section, various measures of performance
such as utilization rate of the pallet (S;), utilization
rate of production machine (S, and utilization rate
of the robot (S) are obtained by using the system
date probabilities, which have dready been determined
in previous section.

* Theutilization rate of pallet i.e. the fraction of
the time during which the handling system is
loading and unloading a pallet at a rate of
wpallets / per unit time (or nwparts per unit
time), given as:

S =Pogo (17)

* The utilization rate of the production machine
i.e. the fraction of time that the machine is
operational, is given by

wé Dl o'
vu(p + o) Dl

n-1
Sm= iZopu,o |j30 0,0 (18)

e The utilization rate of the robot i.e. the
fraction of the time that the machine is
operational is obtained as:

n-1

Sr: Pn,0,0+ z Pi 01

i=1

win
5T+vuz<u+6)<s+6)H1 (pE* Fooo (19

+Poo1=

The performance characteristics obtained in
Equations 17-19 hold for the unreliable cell with
machine and robot failures. In case of reliable
flexible manufacturing cell i.e. without machine
and robot failures, the system states corresponding
to states S 4o and Sq (see Figure 1) wherein i
varies from 0 to n-1, are not applicable. We can
construct the corresponding equations and
performance characteristics easily by taking other
states into consideration. However results for the
reliable FMC can be easily deduced by using 17-19
by putting A = 0 and a = 0 as obtained in special
case (C).
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5. SOME SPECIAL CASES

FMC Modd without Common Cause Failure
In this case we put 6=0s0 that our model
becomes same as Savsar's Model. We obtain the
utilization rate of the pallet as

Sp:P()’o’() (20)
BB B
Pooo = + —gt ol + —
oV M B
where .
n 1
+

The utilization rate of the production machineis
given by

n-1
Sn= 'Zo Pi10

= @nv_wgpo,o,o (21)

The utilization rate of the robot is

n-1
S=Proot Y Pio1*Poot
=

N
—EI_"'(n 1)z+u 0,0,0 (22)

Reliable FMC Model In this case, putting
A=0and a=0, we have=(pB+Jv,
n=(u+ov and p=(B+0)z. Now the Equations
17-19 become as

Sp = P()’o’o (23)

wé Dl o" O
vu(p +9) Dl—

n-1
Sm= iZopi,l,o [Po 0,0 (24)

n-1
S =Phoot Zﬁm + Pooa =
i=

o wén Al-¢"'H wd
El_Jr vuz (W+3)(B+3)H 1- ¢ E+ u EPO"""

(25)
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TABLE 1. Performance M easures by Varying Common Cause Failure Rate (8) of the M achine and Robot.

n Pallet Utilization (S,) Machine Utilization (S;,) Robot Utilization (S))
6=0.002 6=0.006 0=0.002 0=0.006 6=0.002 0=0.004
5 0.1618 0.1595 0.8131 0.7984 15.14 5.8
10 0.0895 0.0876 0.9042 0.8840 8.4 3.2
15 0.0616 0.0600 0.9393 0.9168 5.8 2.2
20 0.0469 0.0454 0.9579 0.9341 4.5 1.7
25 0.0378 0.0364 0.9694 0.9448 3.6 1.4
30 0.0315 0.0302 0.9772 0.9521 3.1 1.2
35 0.0270 0.0258 0.9829 0.9573 2.6 1.0
40 0.0236 0.0224 0.9872 0.9613 2.3 0.9
TABLE 2. Performance M easures by Varying Failure Rate (a) of the Robot.
n Pallet Utilization (S,) Machine Utilization (S;,) Robot Utilization (S)
0=0.001 0=0.005 0=0.001 0=0.005 0=0.001 0=0.005
5 0.1522 0.1581 0.7620 0.7918 53.4 36.1
10 0.0832 0.0871 0.8342 0.8747 29.3 20.0
15 0.0572 0.0600 0.8614 0.9064 20.2 13.8
20 0.0435 0.0458 0.8756 0.9231 15.4 10.6
25 0.0351 0.0369 0.8844 0.9334 12.5 8.6
30 0.0294 0.0309 0.8904 0.9404 10.5 7.2
35 0.0253 0.0266 0.8947 0.9455 9.0 6.2
40 0.0222 0.0233 0.8979 0.9493 7.9 5.5
where
0 W W W _ n-1 _ n-1 _Onw
Pooo=0+—+—+ &n L Sﬂ—z PIlO_H_ 0,0,0 (27)
’ I u vuz(u+d)(B+d)l1l-¢ i=0 O
-1
N W& -q" and
vul+9d)Hl-o
[ W
S= +(n-1)—+ —% 28
A (n-1) R LYY (28)

Reliable FMC Modd with Common Cause
Failure On setting A=0and a =0 and d = 0,
the Equations 20-22 provide for the reliable FMC
without common cause failure studied by Savsar
[13]. Now we have

Sp = P()’o’o (26)

-1
where B, ;o :%+%)+9+9+(n—1)9D
w v | z
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5.NUMERICAL ILLUSTRATION

\In this section we compute the utilization rates of
the pallet, machine and robot for unreliable FMC
in order to exhibit the effect of failures on the
utilization for different pallet capacities. We
examine the analytical results provided by taking a
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TABLE 3. Performance M easures by Varying Failure Rate (A) of the Production Machine.

n Pallet Utilization (S;) Machine Utilization (S;) Robot Utilization (S)
A=0.010 A=0.020 A=0.010 A=0.020 A=0.010 A=0.020
5 0.1632 0.1775 0.8183 0.8906 29.0 22.0
10 0.0906 0.0994 0.9113 1.0020 16.2 12.4
15 0.0626 0.0689 0.9472 1.0456 11.3 8.7
20 0.0478 0.0526 0.9662 1.0688 8.6 6.7
25 0.0386 0.0425 0.9780 1.0832 7.0 5.4
30 0.0323 0.0356 0.9861 1.0931 5.9 4.6
35 0.0278 0.0306 0.9919 1.1002 5.1 4.0
40 0.0244 0.0268 0.9963 1.1057 4.5 3.5

TABLE 4. Performance M easures by Varying Repair Rate () of the Production M achine.

n Pallet Utilization (S,) Machine Utilization (Sy) Robot Utilization (S)
pu=0.2 p=0.6 pu=0.2 p=0.6 p=0.2 p=0.6
5 0.1570 0.1530 0.7865 0.7665 35.6 42.6
10 0.0868 0.0844 0.8721 0.8475 19.8 23.6
15 0.0599 0.0582 0.9049 0.8785 13.7 16.3
20 0.0457 0.0444 0.9222 0.8948 10.5 12,5
25 0.0369 0.0359 0.9330 0.9049 8.5 10.1
30 0.0309 0.0301 0.9403 0.9118 7.2 8.5
35 0.0266 0.0259 0.9455 0.9167 6.2 7.4
40 0.0233 0.0227 0.9495 0.9205 5.5 6.5

numerical example for fixed parameters as
follows: v'=5 time units, A=0.06 time units, z
=1.0 time units, u*=0.6 time units, =12 time
units, w'=5 time units per pallet. Tables 1 and 2
depict the pallet, machine and robot utilization
by varying common cause failure rate (&) and
failure rate (a) of the robot respectively. We
observe from Table 1 that S, S, and S; decrease
with increase in pallet capacity (n) and common
cause failure rate (8).From Table 2,it is
observed that machine and pallet utilization
increase with the increase in failure rate of robot
(a). Table 3 displays pallet, machine and robot
utilization for different values of failure rate of
production machine (A). We observe that pallet
and machine utilization increase with the failure
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rate of the production machine (A) but the robot
utilization decreases with A. From Table 4, it is
found that by increasing repair rate of the
production machine (p), palet and machine
utilization decrease whereas the robot utilization
increases.

Figures 2(a-d) and 3(a-d) reveal machine
utilization (S,) and robot utilization (S;) vs.
pallet capacity (n) for different values of 9, a,
Aand p respectively. Figure 2(a) depicts
machine utilization (S;) for different values of
common cause failure of machine (). It is
observed that S, increases with n whereas
decreases with the increase in &. Figures 2(b)
and 2(c) display machine utilization (S,) for
different values of failure rate of robot (a) and
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Figure 2. Machine Utilization vs. Pallet Capacity (a) & (b) a (¢c) A and(d) p.

failure rate of production machine (A)
respectively. We observe that machine
utilization (S;) increases with a and A both.
Figure 2(d) demonstrates machine utilization (S)
for different values of repair rate of the production
machine. It is easily seen that S, decreases with
theincreasein .

Figures 3(a-c) depict robot utilization (S,) for
different values of 8, a and A respectively. We
observe that robot utilization (S;) decreases for
increasing values of n, d, a and A. Figure 3(d)
displays the robot utilization (S,) for u=0.2, 0.6 It
is evident that robot utilization (S) increases by
improving the repair rate of the production
machine ().
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6. DISCUSSION

In this paper, we have developed a stochastic
model for flexible manufacturing cell having
a flexible machine, a loading/unloading robot
and a pallet-handling device. The flexible
manufacturing environments, where the parts of
machine and robot fail individually and also due
to a common cause have been analyzed. Explicit
expressions obtained for various performance
measures hamely the utilization rate of the
pallet-handling device, utilization rate of the
production machine and utilization rate of the
robot can be employed easily to explore the
production planning and automating the system
changeover in material handling system. The
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Figure 3. Robot Utilization vs. Pallet Capacity (a) & (b) a (¢) A and (d) u.

special cases discussed may offer analytical
insights on the benefits of our model in comparison
to earlier existing results as shown in numerical
simulation. A design problem in cellular
manufacturing where the objective of cell
formation is to streamline the material flow can
be easily handled by using explicit formulae
developed for FMC in real time operation.
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