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Abstract

Generally, production systems as automatic welding process, production of ceramic products,
making clothes use automatic control and to evaluate the quality of their production processes,
they employ on-line process control. The control system consists of a periodic inspection of one
item after every m produced items. The number of non-conformities is monitored in the inspected
item and if it exceeds the control limit, then it is decided that the process is out-of-control and
the process is stopped for adjustment, otherwise the production continues. The process starts
m-control with a fixed non-conformities rate and, after an assignable cause, this rate increases
leading the system to operate out of control. The process remains in these conditions until the
change is detected and the process adjusted. After adjustment, the process returns to operate
in-control. The aim of this paper is to present an economic approach to monitor the rate of
non-conformities in a production by on-line process control. To design such type of process, an
average cost per item produced is achieved through the properties of an ergodic Markov chain
and the two required parameters: the inspection interval and the upper control limit are obtained
by minimizing the average cost per produced item. A numerical example illustrates the proposal.
It was identified the most important factors which result a considerable impact on the average
cost per item: the probability of a shift in the parameter of Poisson distribution; cost to send
non-conforming items to the customers; the in-control non-conformity rate; the specification
limit and the cost of adjustment.

Keywords: On-line process control, Rate of non-conformities, Markov chain,

Economic model, Poisson distribution.

Introduction

Many of the articles related to on-line process control by attributes consist to
inspect an item at every m produced ones and judge it as conforming or nonconforming.
If the inspected item is classified as conforming the production continues (it is said the
production system is operating in-control), otherwise the production process is adjusted
and the production is restarted.
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This approach is economically feasible since the average cost per item
produced is minimized to determinate the optimum parameters of the proposed
procedure. However, in many practical situations it does not make sense classifying
the item inspected only as conforming or nonconforming. The inspector may identify
a small defect or nonconformity such as a fridge drawer without a latch or a scratch. In
this case, the refrigerator may work perfectly but it only presents a single nonconformity.
In some cases, it is more interesting to count the number of non-conformities in the
inspected item (for example, the refrigerator) than simply classify it as non-conforming
or conforming. In this context, many articles that present economic procedures for
on-line quality control by attributes can be found in literature, however it is not common
to find papers that consider the number of nonconformities in the inspected unit as the
monitored statistic.

In general, production systems using automatic control like automatic
welding process, production of ceramic products, semiconductor production, making
clothes, manufacture of rings and bracelets, production of diodes used in printed circuit
boards and chemical processes can benefit from the methodology discussed here.

Pioneering works as Taguchi (1981) and Taguchi et al. (1989) proposed a
procedure for on-line control of process for variables and attributes where it was assumed
that the process begins in state | (in-control) and after a special cause, the process starts
to operate in the state Il (out of control). The production remains in this condition until
the changing is detected and the special cause removed. In the proposed control system
one item is inspected at every m items produced and if the inspected item does not
meet an established criterion, it is assumed that the process is out of control and the
process is stopped for adjustment. After adjustment, the process is restarted in-control
again. This type of control is suitable for process with a high production volume. In
Taguchi (1981) and Taguchi et al. (1989) the fraction of conformance is used to on-line
control by attributes. In this case, if the inspected item is conforming the process is
classified as in-control. Analytical expressions are obtained to calculate the sampling
interval (m) that minimizes the average cost of control system. However, they did not
assume an explicit mechanism for the occurrence of the special cause as a series of
simplifications and unrealistic situations are used to obtain such analytical expressions.
Due to this Taguchi (1981) and Taguchi et al. (1989) received considerable criticism.
Among various contributions about on-line process control for attributes, the papers
of Nayebpour and Woodall (1993) and Nandi and Shreehari (1997, 1999) can be cited.
In the first article, the authors assume that the time that the process remains in-control
follows a geometric distribution of parameter rt. Nandi and Shreehari (1997) presented a
model considering two special causes and Nandi and Shreehari (1999) use a continuous
function of deterioration in the quality of the production process. In both papers, no
misclassification in the inspected item is assumed. However, in practical situations,
the classification errors exist and should not be ignored, that is, a conforming item is
wrongly classified as nonconforming or a nonconforming item classified as conforming,.
For more details about inspection errors, see (Johnson et al., 1991). Borges et al. (2001)
evaluated the impact of classification errors in on-line process control for attributes.
Even small classification errors less than 1% lead an increase in the inspection interval
and, generally, a process with misclassification yields higher average cost. To reduce
the impact of classification errors in the average cost, one may suggestion the repeated
classifications. That is, the item is inspected r times independently and classified as
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conforming or not according to some criteria. Further details see Quinino and Suyama
(2002), Quinino and Ho (2004) and Trindade et al. (2007a, b). A hybrid model based
on the sequential results of repetitive classifications was proposed by Quinino and Ho
(2004) and Quinino et al. (2010).

This article aims to propose on-line process control to monitor the rate of
nonconformity. For that a probabilistic model is developed considering the number of
non-conformities of the inspected item follows Poisson distribution with an average rate
of defects as the parameter to be monitored. The model considers an inspection system
which may be built by a set of discrete states of a to determine an optimal strategy
of control. Here a long-run production will be considered. The optimal strategy is to
minimize the average cost of the control system (per item) to determined the sampling
interval (m) and the upper control limit (L). The paper is organized as follows: the
probabilistic model is presented in section 2. In the section 3 the average cost of the
control system is obtained and a numerical example with sensitivity analysis is presented
in section 4 to illustrate the proposed procedure. The conclusions and suggestions are
included in the section 5.

Probabilistic Model

Let us consider a continuous system of control. The process is said to
bein-control if the items are produced with a rate of non-conformity A (state I). On
the other hand, when the items are produced at rate of non-conformity A, (state II,
0 <X, <A), itis said process is out of control. The shift from the state I to state 11 is
described by a geometric distribution with parameter t, 0 <m <1. It is assumed that C,
the number of nonconformities in the inspected item follows Poisson distribution with
parameter A. The control system consists of inspecting the m-th item after a cycle
of m produced items. In each inspected item, if C > L, L, the upper control limit, the
process is declared out of control and it is stopped for adjustment. It is assumed that
the lower control limit is zero.

Like tests of hypothesis, the decision is subject to two types of errors: declare
the process as out of control when it is in-control (o) and declaring the process in-control
when it is out of control (). If the process is judged out of control, it is assumed a shift
in the rate of non-conformity and the production is interrupted for adjustment. When
the process is adjusted, it is restarted in state | and the inspected item is discarded. At
state 1l the process can only return to state | after an adjustment.

The inspection system can be modeled as a stationary Markov chain
considering the set of discrete states E = {01, 00, 11, 10, 21, 20}. The first index (W)
indicates the real state of the process when the items that make up the inspection cycle
were produced. When W = 0, all items, including the inspected are produced in the
state I. When W = 1, a shift from state | to state Il occurred in the current cycle and at
least the inspected item was produced in the state I1l. When W =2, all items, including
the inspected were produced in the state 11. The second index (denoted by V) indicates
whether the process was declared out of control (V = 0) and the production is stopped
for adjustment or in-control (V = 1) and the production goes on. Figure 1 represents
the flowchart of the control of production process.
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Figure 1. Flowchart of the production system.

Following the transition probabilities of the states of the Markov Chain are
described. The notation P, . ..., with ww* =0,1,2 and v,v* = 0,1 will be used here
on. For example, P\ .., denotes P(E,, = 01| E, = 01). That is, all items of the current
cycle (i + 1) are produced at state | (W 0) and no adjustment since the number of
non-conformities of the inspected item is less than the upper control limit L (v =1) and
the previous cycle (1) all items were also produced at the state | (w = 0) and no adjustment
(v = 1) since the number of non-conformities of the inspected item was less than L. So

Rogey) = P{An =20} P[C<LIA=2g]=(1-7)" 1~) (M

With P{Ap=Xol=P{A =Ag, A, =Ag,,Ap=RAo}=(1-7=)" the
probability of all m items are produced in state | in a cycle A, 1> 0, denotes the
state (a non-observable random variable) in which the i-th item was produced and
o.=P(C>L[A=2) is the probability of a process be wrongly judged as out of control.
The probabilities P,y .. P ) @Nd P ) indicate that in the previous cycle, the
number of non-conformities in the inspected item does not meet the control limit L (the
process is adjusted and it restarts in-control). Thus the following equalities are valid:

P

(01)(01) I300 0y — P = P(zo)(m) )

The probablllty POl oy denotes P(E,,, = 00 | E, = 01). That is, all items of
the current cycle (1 + 1) are produced at state | (W =0) and it is wrongly decided that
the process is out of control since the number of non-conformities of the inspected
item is higher than the upper control limit L (V = 0). At the previous cycle (1) all items
were also produced at the state | (W = 0) and no adjustment (V = 1) since the number

of non-conformities of the inspected item was less than L, so consequently:
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Potoo) = P{An = At P[C>L|A=4]=1-2)" & )

Similarly, the probabilities Py, o). P00 Piooye Me@N that in the previous

cycle, the process was judged as out of control, adjusted and it restarts in-control. So
the next equalities hold

Fov(oo) = Foooo) = Flaoyeo) = Faojoo) @

For Py, and Py, .o the process was in-control and the inspected item

met the control Ilmlts in the previous cycle. In the current cycle a shift of the rate
non-conformity from A to A, occurred (W = 1). So at the least the inspected one was
produced at state 11. The process is wrongly (correctly) decided that is in-control (out
of control) at first (second) case. So,

I:)(01)(11) = [1_ P{Am = %}]P[C SL|d= 21] = [1—(1_”)m]-,3
®)
Pono) = [ 1= P{An = A} P[C> LI A= 4]=11-(1-7)"1.L- )

with p= P(C <L =7).

Similarly the next equalities follow:

Roney = Fooyay) = Faoyay = Raojy
(6)
Flovao) = Flooyao) =Faoyeo) = Faoyao)

In the probabilities P, ,,, and P;,, ,,, the parameter shifted in the previous

cycle. So in the current cycle all items are produced at state II. The first (second)
probability indicates the process is wrongly (correctly) judged as in-control (out of
control).

P(11)(21):P[CS|—|/1221] =/
@)
I:>(11)(20):P[C>L|/1:/11] =1-

And finally the transitory probabilities P P indicate that the

@Y’ " (21)(0)
parameter has shifted in previous cycle and still at thls state in the current cycle, so

Reviey = Ruey
3)
I3(21)(20) = I3(11)(20)
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Employing expressions (1)-(9) the P transition matrix in (9) can be expressed as

01 00 11 10 21 20

01 I:)(01)(01) I3(01)(00) I3(01)(11) I:)(01)(10) 0 0
00 I3(01)(01) I3(01)(00) P(01)(11) I3(01)(10) 0 0
o 11 0 0 0 0 Puiey Pueo ©)
10 I:)(01)(01) I3(01)(00) I3(01)(11) I:)(01)(10) 0 0
;g 0 0 0 0 P(11)(21) I:)(11)(20)
_P(01)(01) I3(01)(00) P(01)(11) I3(01)(10) 0 0 |

The number of states of the transition matrix P is finite and all states are
recurrent and aperiodic so this Markov chain is an ergodic one (see details in Ross,
2005) and then Iimj_)mP@—Z exists in which all rows of the matrix Z are equal to the row
vector z = [z, 7, ---.Z,,,)]. The vector z is a vector of probabilities (Z = 1) inthe
stationary state with all z, values strictly positive. The element ZyW=0,12,v=01
can be interpreted as the proportion of time that the process stays at state (wv) for a
sufficiently large number of inspections. As P0*Y=PIP and lim PV = Ilmj_)mP@ =Z
then it follows the equality Z=ZP. As all rows of Z are equals to z, the equality z = zP
also holds. So it can be written as

z=2P=z(P-1)=0 (10)
where 1 is the identity matrix and O the null vector. Therefore, the vector z can be

obtained from solving the linear system (10) with the restriction that 2 Z(WV) =1.
Solving (10), the elements of z are given by

o = RozonRz0) o0 = Rloz00)R11)(20)
) Rogay +Rugeo) " Rony +Rusao)
o Monaoflineo) Poyay (1~ Fayien)
t Poyay * Panze) 7 Ronuy + Payeo)
B (4 EVL (EV )
) =20 Royaz) + Ruay20)

Average Cost of the Control System

In this section the average cost of the control system will be described. It
follows the structure of economical designs. So the costs considered in the current
study are:

* ¢, - cost to inspect an item;
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* ¢, - cost to send a non-conforming to the customers or another stages of

production. Note that an item is classified as conforming if the inspected one
meets the upper specification limit LE (the lower is equal zero), that is C <LE;

* ¢, - cost to adjust the process;
* C, - cost to scrap a non-conforming; and
* C, - costtoscrap a conforming item.

The componentsc, _andc, are used if discarded items may be submitted to
a process of retrieval. So costs may be different for a conforming or a non-conforming
one. The cost of each state (wv) can be writtenas T, = C 4+ +n,,+9,,., W=0,1,
2andv=0,1:

(wv)

Cost to send a non-conforming item for the customer or to the later stages
€ process;

* éwv’
of th

* Ny COstto scrap an item inspected;
* @,y COst of adjustment of the process.

Below the costs are detailed. Consider p, = P(C < LE[x = %) and
p, = P (C < LE[A = 1), the probabilities of the inspected item to be declared as
conforming, respectively, when the process is in-control, and out of control. For the
states (00) and (01), all items m were produced at the state I in the current cycle. The
expected number of the non-conforming items is (m - 1) [1-P (C < LE[A = )] among
the (m — 1) items sent to the customer. Thus, the cost to send non-conforming items to
the customer or the later stages is

E00)=&0) =c, (m~1)[1-p,]

Similarly for states (20) and (21), all items in the current cycle are produced
at the state I1. Thus the cost of sending non-conforming items for the consumer or the
later stages is:

ERO)=E&2) =c, (m~1)[1-p,]

For states (11) and (10), i items in m are produced at state | and the others
(m — i) produced at state 11. Thus the cost of sending non-conforming items for the
customer or the later stages considering all possibilities is:

(1) = £10) = cre 8 28 fG 1 pJ(m=i)[1= py]}

i=11-(1-x)"

About the cost to scrap the inspected item, at state (00) all items m are
produced at state | and the process was declared out of control. Thus, the cost of
scrapping the item inspected is:

P(L<C<LE PC>max(L,LE)
n(OO)zcs_c ( o )+Cs_nc ( )

o

At state (01), the process is declared in-control, but the inspected item can
be conforming or non-conforming, so the cost to scrap it is
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P(LE<C<L) P(C <min(L,LE))
s_C

n(01)= Cs nc

1-o 1-o

At state (20), all items were produced at state 11 while at state (10) at least
an inspected item was produced at state Il. In both cases, the process was considered
out of control, so

PL<C<LE) _ P(C>max(LLE)

n(20)=1‘|(10)=cs_c 1-p +Cs nc 1-B

But at states (21) and (11), the process was wrongly considered in-control.
Hence, the costs to scrap the inspected item are

P(LE<C<L) P(C <min(L,LE))
B - B

With regards to costs related to adjustment, at states (00), (10) or (20) the
process is stopped for adjustment so

6(00) = 6(10)= ¢(20) = ¢

As no adjustment are realized at states (01), (11) and (21) then
o(01) = o(11) = ¢(21) = 0. Therefore, the average cost per item (in each cycle of
inspection where (m — 1) items are sent to the customer or next stages of production)
is given by:

n(21)=n(11)= Cs nc

2 1

D Z )T ww) (I

C(m L) =200

The optimal values for m and L are obtained by numerical methods (search
method) by minimizing (11), ie

(mO,LO):arg min C (12)
(m,L)

A Numerical Example

To illustrate the proposed model, consider a process production of T-shirts
manufactured by a company. Large quantities of these items are produced and the quality
control is evaluated by monitoring the number of non-conformities in the inspected
piece. It is assumed that the difference of styles is negligible. The quality characteristic
of interest follows a Poisson distribution, which parameter is the average frequency of
non-conformities in the inspected piece (or item). In the inspection process the presence
of stains and/or holes, ragged stitching, finishing problems, among others, on T-shirt
are considered as defects that make bad the quality of the product.
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The parameters used are provided by the customer requirements (as historical
data) or from the manufacturer. In this case, some parameters were set according to
historical data in Table 1.

The manufacturer is increasingly concerned with reducing their costs, he
wants to inspect the m-th T-shirt after every m produced items. He has interest in
determining the size of the inspection interval (m°) and the control limit (L°) such as
to minimize the average cost of production per item produced to detect changes in the
average frequency of defects from A =2,5to A, = 6,5. In this case, the client specified
the upper specification limits LE = 5 to the manufacturer as shown in Table 1. In this
scenario, the optimal parameters are got by the direct research and they are: optimal
control limit L (L° = 6) and optimal sampling interval m (m® = 88) with a minimum
average cost [C($) = 0.3004]. A comparative study of the average cost of the current
proposal with other competing strategies can be made. For example, one possibility
is if the manufacturer does not employ any control scheme, that is, all production is
shipped to the customer without inspection. In this scenario, as we consider long run
production terms, m° goes to infinity. Therefore, the probability of the process to produce
non-conforming parts will increase, unless an adjustment is made. Numerically, we
have: 1-p,=P(C>5|A=2A,)=0.6310 although w = 10*. In this policy, the average
cost per produced item is:

C*(m,L _1 m-P(C>5)|A=4)-c,. [=3.1548
(mL)=-

The other strategy is to calculate the average cost per item produced C($),
without inspection, (all products are sent to the client without any type of verification),
but the adjustment is performed at every 88 items produced (m°). Similar to the previous
case, the minimum average cost is equal to

C™(m,L)= %[88 -P(C>5)|A=4,)-5+100]=4.2911

In both strategies, average costs are greater than the presented proposal.
Even inspecting and discarding costs of an item are both equal zero, the minimum
average cost would decrease to $ 1.4738, considering that the process is adjusted at
every 88 produced pieces. But if the cost of adjustment is also zero then the cost would
decrease to $ 0.2513. But these cases are unfeasible in practice.

Table 1. Parameters according to historical data.

Costs Values ($) Process parameters Values
c, 0.025 T 0.0001
Co 5 A 25
c, 100 A 6.5
. 1 LE 5
B 2
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Plots of costs versus m (L) varying L (m) are in Figure 2a, b. According to
Figure 2a, lower costs are observed for moderate values of L (in this case L = 5 and 6)
and m [m between 50 and 150]. In Figure 2b, the cost C($) decreases as L increases
when L are in the range [0;8] approximately. (This range depends on the value of m).
Also in Figure 2b, increase in L yields an increase in the cost C($) mainly if L>LE =5
(according to Table 1). This result is also expected, since in this range of values of L,
the frequency of sending of non-conforming shirts to customer increases. One should
note that values of L larger than A, are not desirable.

In the sensitivity analysis the average cost, the optimum sampling interval
and the control limit are obtained varying one parameter at a time. Table 2 shows the
results varying the values of .. For values of ., > LE =5, L % increases but m° remains
almost stable for ., > 10. For ., < LE, there is an increase in m° (when %, decreases)
indicating a lower frequency of inspection. And as expected, the minimum average
cost decreases as 7., increases.

T S 3.5
0.3 | ! "‘.\ /_/ 3.0
L % 251
03§ N i
. ] L e 2.0
<z i % P
© 4 Y p e, "_.-"") =
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Figure 2. a) Plot of m x C($); b) Plot of L x C($).

Table 2. Sensitivity analysis: varying A, keeping other parameters fixed.

A, Lo me c@$)

3 3 896 0.2786

4 5 141 0.3097 A, <LE
5 6 77 0.3119

6.5 6 88 0.3004

8 6 99 0.2909

10 7 87 0.2788
11.5 7 94 0.2738

15 8 93 0.2674 M >LE
30 12 94 0.2645

45 15 94 0.2645

90 23 94 0.2655
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Table 3 shows the behavior of the average cost (minimum) per item produced
when each of the parameters and costs of the process varies individually in a range of
predefined values.

As shown in Table 3, variations in the parameters of the process and cost
provoke significant changes mainly in the average cost and the sampling interval, but
only slight changes in the control limit.

An increase in the inspection cost ¢, yields also an increase in the cost C($)
due to the increase in m°. This result is expected since as m increases, the frequency of
inspection is reduced and then more time for a sign that the process may be operating
out of control.

An increase in the cost of non-conforming c__results an increase in the cost
C($) and an the reduction in m°. (More inspections are performed more frequently).

As expected an increase in the cost of adjustment c_, yields simultaneously
an increase in the control limit L° (delaying an adjustment) and a reduction of sampling
interval m® (more frequent inspections).

As lower is the cost to scrap a conforming item c_ , lower average cost and
lower sampling interval (more frequent inspection) but with a large control limit L.
When the cost of scrapping a non-conforming items c___increases, m° and C($) also
increase and L° remains unchanged. )

Table 3. Values of C ($), L°and m°, varying one parameter at a time.

nx 107 C$ |L| m A (o)) Lo | me A, C(3) Lo | me
0.01 0.2366 6 | 271 | 15 0.090 5 87 4.0 0.3097 | 5 | 141
0.1 0.3004 | 6 88 2.5 0.3004 | 6 88 6.5 0.3004 | 6 88
1 0.5593 6 30 3.0 0.5236 7 77 115 0.2738 7 94
10 1.8628 6 15 4.5 1.6210 | 8 95 220 | 0.2648 | 10 | 94
20 27694 | 5 30 5.0 2.0581 | 8 | 136 | 34.0 | 0.2645 | 13 | 94

c, C($) L% | m° C C(%) Lo | me c, C($) Lo | m°
0.0025 0.3001 6 87 0.5 0.0552 6 | 287 10 0.2654 | 4 | 119
0.025 0.3004 6 88 2.0 0.1442 6 | 139 100 0.3004 | 6 88
0.25 0.3030 6 90 5.0 0.3004 | 6 88 500 0.3706 7 78
0.5 0.3057 6 93 |20.0 1.0131 6 44 | 1000 | 0.4358 | 8 54
2.5 0.3239 | 5 | 169 | 50.0 2.3707 6 28 | 5000 | 0.8785 | 9 49
C,.o C® |[L°| m® | ¢, C$) | L°| m | LE C@$ | L[ me

0 0.2573 8 15 0 0.2993 6 87 3 1.3056 6 83

2 0.3004 | 6 88 1 0.3004 | 6 88 4 0.6397 6 82

5 0.3259 | 5 | 173 2 0.3014 | 6 89 5 0.3004 | 6 88

10 0.3504 | 5 | 214 5 0.3045 6 92 6 0.1516 6 99
20 0.3857 | 4 | 379 10 0.3094 | 6 96 7 0.0906 6 | 119
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Moreover, higher the probability of a change of state &, the greater the
tendency to operate the process under the state 1T, which justifies the increased cost C($).

To complete the first part of sensitivity analysis it would be interesting
to identify among the parameters of the process (r, A, A, LE) and the costs
(c.c.c,c. . C. ) whichones produce more impact in the average cost. In this sense
a regression analysis is naively employed considering as output variable the average
cost in Table 3 and as explanatory variables the earlier listed nine ones. To get rid
of the influence of the different scales they are standardized. The coefficients of this
regression are obtained by the usual least squared method and summarized in Table 4.
The significant ones according to p-values are bolded in Table 4. The most important
factors pointed out by the regression analysis are: the probability 7t of a shift in the
parameter of Poisson distribution; cost to send non-conforming items to the customers
C,.. the in-control parameter of Poisson distribution A ; the specification limit LE; and
the cost of adjustment c_.

To assess the impact of errors in various types of cost in this type of on-line
control planning, an additional sensitivity analysis was performed. Minimum average
cost and optimal parameters L° and m°were obtained considering a range of +15% for
each type of cost as shown in Table 5.

Of the total of 243 combinations, the value of L° was unchanged in all
combinations. About the optimal interval, variations of the inspection intervals obtained
with errors in the costs in relation to the real optimal value (which is m® = 88) were
calculated. The maximum, minimum and average changes are, respectively, equal to
15.9%, 0% and 0.0004%. Similarly, the variation in the average cost obtained with
errors in the various cost components around the minimum average cost ($ 0.3004)
was also calculated. The maximum, minimum and average changes are, respectively,
equal to 15%, 0.001% and 0.11%. These results reinforce a sense that the planning to
control for number of nonconformities is robust to the variations in cost around 15%.

Table 4. Estimates of the coefficient in a naive regression analysis.

Costs Coefficient p-values p;;c:*ﬁgfzrs Coefficient p-values
c, -0.010 0.677 T 0.458 <103
c., 0.349 <10°® A, 0.341 <107
c, 0.084 0.002 A -0.025 0.321
o ne -0.013 0.591 LE -0.153 <107
. 0.002 0.944

Table 5. Cost values used in the complementary sensitivity analysis.

o Cc C, CsiC Csinc

-15% 0.02125 4.25 85 1.7 1.7
Values in Table 1 0.02500 5.00 100 2.0 2.0
+15% 0.02875 5.75 115 2.3 2.3
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Conclusions

In this paper an economic model is developed to monitor the rate of
non-conformities. The parameters: the interval sampling m° and upper control limit L° are
determined that minimize the average cost per item produced. It is assumed the quality of
characteristic of interest, the number of nonconformities follows a Poisson distribution
and a long run production. Like Trindade et al. (2007a) and other earlier mentioned
papers, one inspection is performed after a production of m items and that only the m-th
is inspected and after discarded. If number of non-conformities of the inspected item is
greater than L°, the process is declared out of control and the production is stopped for
adjustment otherwise the production goes on. From the sensitivity analysis the most
important factors, which play important role on the average cost are: the probability
n of a shift in the parameter A, the specification limit LE and the parameter A,. The
contribution of these analyses was of great importance, since allowed us to understand
the process and subsequently the influence on the final cost of each parameter involved.
Furthermore, we show that the strategy adopted here ensures a good product quality as
a lower average cost of manufacturing these parts to the manufacturer.

Itis important to point out that all the earlier mentioned papers: Quinino and
Suyama (2002), Quinino and Ho (2004) and Trindade et al., (20074, b); Quinino and
Ho (2004) and Quinino et al. (2010) can be viewed as particular case of the proposed
model if the optimized upper control is set equal to upper specification limit and also
only a single inspection (r = 1) is performed instead of r > 1 repeated classifications as
suggested in these papers to decrease the impact of error classifications.

Some suggestions for possible extensions may be suggested. One possibility
is to adapt the proposed model in a case a short run production. In this scenario, the
manufacturer has also interest in choosing m° and L° that minimizes the expected cost
peritem produced in a finite production of n items, however in that case some stationary
results from Markov chain cannot be applied.

Another possible extension would be a model varying inspection intervals: a
longer one k if the number of non-conformities is less than a discriminate limit D (but
closer to A)) and a shorter interval m if the C is lower than but closer to L, for example.
However, the problem becomes more complex with more parameters to be optimized:
optimal limits L and D and two inspection intervals (optimal k and optimal m) such
that minimize the average cost of items produced, with the restriction k > m. After one
adjustment, the process returns to make the first inspection after a production of k items
and the following interval inspection depends on the results of the previous inspected item.
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Abstract

The tough competitiveness seen in the beverage industry, especially in emerging segments like
isotonic drinks and iced teas, requires companies to seek competitive advantages to stay or
increase their participation in the consumer market. In this sense, reducing wastes and assuring
compliance in production process are identified as key variables in this industry. This work
presents the application of the OEE (Overall Equipment Effectiveness) indicator in the production
line of a company which fills beverage in PET bottles, in order to assess the plant operational
performance. In this direction, primary data were collected and the line downtimes were stratified,
and the indicators used by the plant were confronted with the dimensions that make up the OEE
indicator (Availability, Performance and Quality) in order to evaluate the possible behaviors
and correlations. As a result, it was noted that the longest downtimes were caused by problems
with the inkjet printer and the filler, and there was a strong correlation between the indices of
the OEE and the existing indicators in the plant despite the bias (g).

Keywords: Overall Equipment Effectiveness — OEE, Beverage industry, Lean thinking,
Operational performance indicators.

Introduction

Some of the great challenges faced in the industrial environment regard the
correct, efficient use of the resources available both operational and manpower for the
production. In continuous production systems high productivity through appropriate
distribution of these resources and adequate operational procedures becomes a priority.
However productivity in such production systems depends directly on the efficiency of their
critical operations or “bottlenecks” (Moellmann et al., 2006; Moraes and Santoro, 2006).

According to the research by Gomes (2002), training staff, improving
machines, devices and accessories — making them easier, safe and easy to
maintain — provide the necessary conditions for the consolidation of a new way of
thinking and acting, fomenting the culture of organization. Among the authors queried
by the author there is a consensus about the need for seeking a new way of work which
maximizes the efficiency of all the production system through the plant floor’s active
and integrated participation, by use of the philosophy of oriented management for the
equipment, in order to assure permanence in market.
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According to Fuentes (2006) and Masud et al. (2007), the concept of Total
Productive Maintenance (TPM) can be defined as a form of management designed to
enhance the total efficiency of the equipment by establishing a detailed production-
maintenance system which encompasses the equipment life cycle. TPM management
pattern aims at eliminating wastes and the evolution of the business structure, based
on eight pillars:

+ Planned maintenance;

+ Education and Training;
« Initial Control;

» Focused Improvement;

» Autonomous Maintenance;

Safety, Health and Environment;
+ Office/ Administrative TPM;
+ Quality Maintenance.

TPM encompasses aspects such as: design, use and maintenance, and
professes all the staff participation, from high management to the “plant floor”, in
order to promote productive maintenance through motivating administrative activities
or small voluntary groups (Fuentes, 2006).

Description of the Problem Situation

This study analyzes the case of a company which bottles isotonic drinks and
iced teas. The company, despite its well known performance in the Brazilian beverage
industry — evidenced by its recent acquisition by a multinational giant of relevance in
the world beverage market - still does not have consolidated practices of monitoring of
its production process, primarily regarding the assessment of its machinery operational
performance.

The incorporation of the mentioned company by the multinational group,
provided with strict international patterns of productive efficiency, makes it mandatory
that practices of analysis and stratification of the production line downtimes became
incorporated with the purpose of enhancing the operational efficiency of the use of
manufacturing technologies. In particular the present work assesses the operational
performance of a PET bottle filler in a beverage plant through deploying an indicator
of overall equipment effectiveness (OEE).

Objectives

In general terms, this study aims to define parameters, measure the OEE
indicator and, from the results, identify the possible causes of the wastes and equipment
failures, proposing process improvements in a beverage filling system that uses PET
bottles.

Specifically, this study aims:

+ To confront the data found with the specialized literature available;
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« To apply appropriate methodology for analysis of failures and production line
downtimes, in order to optimize the efficiency of resources used in the beverage
production;

+ To reduce the rework of PET bottle filler, optimizing the efficiency of the resources
used in the beverage production;

« To use the OEE indicator correlating it to other indicators as a support to decisions
of the industrial management.

Presumptions of the Study

» The performance indicators currently used are not satisfactory to monitor the
operational efficiency;

+ To verify if the management does not act proactively in eliminating wastes in
the production process;

+ The rework infilling drinks in PET bottles causes significant impact in the plant’s
productivity.

The Study Delimitation

This work presents primary data derived from case study in a beverage company
located in the city of Rio de Janeiro. The company concerned does not use the concepts of
Total Productive Maintenance (TPM) as a strategic factor or establishes a method of cause
analysis aiming at minimizing productivity wastes, in spite of planning actions of Corrective
and Preventive Maintenance for production and maintenance management.

The investigation is limited to monitoring the OEE indicator in a machine
for filling beverage in PET bottles of 1500 mL, operating in a continuous regime of
approximately 4,800 units per hour.

Methodology

The Research Classification

The work is classified as a case study of quantitative and exploratory nature.
It is proposed to be a research to better know the process variables, creating greater
familiarity with the problem and serving as a basis for outlining a more specific and
deeper investigation in the future (Rodrigues et al., 2005; Lacerda et al., 2007).

Data Collection Techniques

The case study was based on observations for planning and structuring the data
collection, using data collection techniques such as: revision of the technical scientific
literature, research of data forms of production and materials of the best practices available
by the company, and interviews with the operational and tactic level of the studied company.

Method Limitations

The method used in this study for measuring the Overall Equipment
Effectiveness (OEE) indicator has the following limitations:
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» The metrics does not encompass the production accomplished in extra hours, so
it was subtracted from the calculation basis;

+ The indication of downtimes in the line presents bias (g) for being manual and
sometimes suppressed or partially exposed, making the use in these cases unviable;

« Estimate of the real amount of used packages (inputs) due to the lack of real
consume data;

« Inconsistent database of the ERP system used by the plant;

» Manual count of discarded and reused packages causing bias (€) onto the
calculation of the quality indicator.

Literature Review

Lean Thinking

In the 1950s the Lean Thinking, initially conceived by Toyota’s Production
System, in Japan, aimed at producing more efficient cars in a post war country. In the
1990s, this thinking line was presented by James Womack and Daniel Jones for mass
production companies to also become lean, adding new elements to initial conceptions
of Taiichi Ohno, the mastermind of the Toyota Production System. The pattern expanded
to companies of repetitive manufacturing of high and low volume and service operation
systems (Giannini, 2007).

The lean thinking has as main proposal the generation of value for the
client by eliminating wastes, making the organization more competitive in the market.
The Lean philosophy identifies 7 major sources of wastes, suggesting techniques for
eliminating or optimizing activities that do not add value to the client (Fernandes and
Ramos, 2006).

According to Kmita et al. (2003), professed by the Toyota’s Production
System, the 7 sources of wastes are:

1. Wastes due to overproduction;
Wastes due to transportation;

Wastes due to over processing;

2
3
4. Wastes due to manufacturing defective products;
5. Wastes due to motion;

6. Wastes due to waiting;

7. Wastes due to inventory.

This work will be restricted to describing the two wastes deemed more
relevant to the study: the waste due to manufacturing defective products and the waste
due to the processing itself.

In his bibliographical survey, Falcdo (2001, p. 72) describes the wastes due
to manufacturing defective products as
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[...] they consist in parts, subcomponents, and accomplished products that
are not in accordance with quality specifications. This kind of waste is more
usual and visible, since it is evidenced exactly in the production object,
requiring rework or eventual rejects.

Whereas the waste due to the processing itself may be defined as a performance
of unnecessary process activities for the product to achieve the characteristics desired
by the client, so that it may cause wastes (Giannini, 2007).

To the 7 major sources of wastes, the Japanese Institute of Plants Maintenance
(JIPM) adds other eleven, summing 17 sources of wastes (Souza, 2004):

a) Wastes due to planned maintenance;

b) Wastes due to short downtimes;

c) Wastes due to administrative failures;
d) Wastes due to operating failures;

e) Wastes due to disorganization;

) Wastes due to logistics;

g) Wastes due to the use of the manpower;
h) Wastes due to waiting;

i) Wastes due to energy;

J) Wastes to the use of matrixes and templates;
k) Wastes due to low yield.

Fernandes and Ramos (2006) mention tools and concepts to make production
lean, among which is TPM as a way of assuring the process stability and Kaizen for
defect reduction and improvement of production processes.

Overall Equipment Effectiveness (OEE)

The analysis of the production systems efficiency is a relevant topic to
industrial companies. By calculating and monitoring resource productive efficiency it
is possible to know their actual efficiencies, having as an objective to elaborate action
plans and solution for the main reasons of production inefficiency. Since the information
for correct calculation of resource efficiency is not always available in the companies’
corporate systems, it is necessary to collect and analyze data from the productive
resources (Passos et al., 2004). The adoption of a correct measurement system and the
management of key parameters are able to contribute for the increase of productivity
of both multifunctional areas and the plant (Hansen, 2006).

One of the most important tools in the TPM philosophy is the Overall
Equipment Effectiveness (OEE). The OEE indicator is a result of the multiplication
of three parameters which have a relevant role in the TPM philosophy (Fuentes, 2006;
Muchiri and Pintelon, 2008).

Bariani and Del’Arco Janior (2006) and Maran et al. (2012) define the
parameters as:
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+ Availability: Itis the amount of time in which some equipment has been available
to work in comparison with the amount of time in which it was programmed to
work;

» Performance It is how much the equipment works near the ideal time cycle to
produce a piece;

+ Quality: It is the total number of good pieces produced in comparison with the
total number of produced pieces.

Figure 1 and Table 1 show each index and the main failures that may interfere
with its performance:

The Overall Equipment Efficiency may be represented by:

Overall Equipment Efficiency (OEE) = Availability x Performance x Quality (1)

Overall Equi t Effici (OEE) B X D X E 2)
verall Equipmen ciency = —X—X—
A C F

The OEE indicator signalizes to those in charge of maintenance in which
major waste sources they need to focus in order to enhance the equipment performance
and make directed improvements (Fuentes, 2006; Bariani and Del’ Arco Junior, 2006).

Indicators Total opcrating time
A.Net Operating Time Nor;ggfé‘;l;l;uﬂ
Availability Failed
B. Scheduled Production Time g <
Set-up
C. Intended Output
Performance Short
D. Real Output Downtimes
F. Good Output
Quality i
Reject
E. Real Output RemEik

Figure 1. Main wastes and impact on the real operating time (Source: adapted from Setec
Consulting Group, 2008).

Table 1. Indices and main downtimes (Source: adapted from Setec Consulting Group, 2008).

Indicators Main wastes

Identifyable downtimes
Availability Equipment failure and wear of tools

Wastes due to adjustments and setups

Wastes due to lowered speed
Performance
Downtimes and short downtimes

Quality loss
Quality

Wastes of the process
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According to Bariani and Del’ Arco Junior (2006, p. 72):

The OEE measures the equipment ability in consistently producing pieces
that meet the quality standards within a designated time cycle and with
no downtimes, the availability, the performance and the quality rate of a
machine. It provides a method to analyze wastes and measure the results
of the actions taken.

In the researched literature, Hansen (2006) refers to OEE higher than 85%
for batch processes and higher than 90% for streaming industries.

De Ron and Rooda (2006) point out some important considerations about
OEE. According to their researches, the indicator does not take into account all of the
factors that reduce the capacity of use, as for instance: planned downtimes, lack of raw
material to produce and lack of manpower.

Hansen (2006), De Ron and Rooda (2006) and Sharma et al. (2012)
corroborate that the OEE accuracy is determined by the quality of the collected data.
The authors also highlight that the OEE undergoes the impact of factors beyond the
equipment itself (the operator, the product formulation, raw materials availability,
programming requests), showing itself to be useful in production environments where
the equipment is used in an integrated way.

Analysis and Result Discussion

According to the systematic proposed in this study, the data collected
was analyzed in parts. Firstly, the line downtimes were stratified per day and after
the calculation of OEE indicator — when it was possible — each index (Availability,
Performance and Quality) was compared with an indicator that was already in use in
the plant.

Line Downtimes

Every operator had a list with the classification of the main problems and
their corresponding code. After tabulating the production line downtime during the
studied period, 13 different problems related to different equipments or reasons pointed
out in Table 02 were written up:

Figure 2 shows the main downtimes pointed out along the production shift
and it was observed through it that the longest line downtimes were caused by problems
related to the inkjet printer (code 6004) and the filler (code 6003), respectively.

Although they had a spare inkjet printer, the company spent 245 and
273 minutes to repair the equipment between the studied days 04 and 05. The mechanical
downtimes in the equipment — fundamental to print validity, time and lot on the cover
of PET bottle caps— consumed on these two days about 6/5 of a production shift.

The code 6003, referring to downtimes caused by problems with the filler,
consumed 473 minutes, having occurred 44 times during the period assessed in this
work (Figure 3).
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No. Code Motive of the line downtime
1 1408 Adjustment in the equipment due to kit replacement
2 2402 Adjustment in the temperature of the pasting machine
3 3103 Electrical problem at heating the oven
4 3109 Electrical problem with the fans of the oven
5 5007 Lack of label
6 5009 Lack of steam from the boiler
7 6001 Problem in the depalettizing
8 6002 Problem in the syrup equipment
9 6003 Problem in the filler
10 6004 Problem in the inkjet printer
11 6006 Problem in the packer
12 7001 Delay of breakfast and return from the lecture
13 7004 Meeting

Day 11

Day 10 7
Day 9

Day 8
Day 7
Day 6
Day 5
Day 4
Day 3
Day 2

Day 1 |

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Minutes

Figure 2. Production line downtimes segmented by codes and by day.

m 1408
m2402
m3103
m3109
m5007
25009
w6001
6002
6003
H 6004
6006

7001
m7004

The downtimes were segmented by time interval and the major occurrences
of line downtimes consumed between 3 and 15 minutes of production, in equivalent
proportions, summing 287 minutes (61% of the whole time) and characterizing the
effectuation of short mechanical interventions in the filler for small adjustments (Figure 3).

Many of the line downtimes related to the filler were recorded by the
peripheral operators (labeler and packer), having been recorded by the code 6003, more
generic. Such a fact may be due to the following factors:

a) The filler operator intervenes in the equipment maintenance for small
adjustments, becoming unable to write up the downtime length;
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b) The filler operator does not hold so short downtimes as significant, and
therefore does not make the record;

c) Failure in the operator’s training.

OEE - Overall Equipment Efficiency

The main indicator to measure the overall equipment efficiency (OEE) is
a product of the multiplication of the indices Availability, Performance and Quality
(Figure 4).

The indicator goal was stipulated based on the benchmark of the System
Operations area to which the company belongs. Between the days studied figures for
the OEE indicator were found below the established goal (60%). The days 04 and 05
show the smallest figures of the OEE, 8 and 11%, respectively. The low index was the
result of the long downtimes due to the defect of the line bottle inkjet printer, making
the planned programming unable to be achieved (see Figure 2).

14 4 r 120

12 - - 1 1 100.0% LIOO

97.7%

| — —_— 93.2%

‘ 80
8 \

‘ 60
4 52.3%

\/ 4 L 40

i . 3
27.3%
b ‘ | 2 -20
0 L - ; I ‘ . 0

1
3-6 7-10 11-15 16-19 20-23 More 0-2

Frequency
%

Downtimes (minutes)

Figure 3. Production line downtime intervals due to a problem with the filler.

Availability Performance

Day Day

Figure 4. Indices composing the OEE and the OEE indicator for the studied period.
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On day 09, the third figure below the expected (33%) was a result of
successive electrical problems in the packing, inkjet printer and filler, respectively,
compromising the final index.

Comparison between the Current Indices of Development and the
Indices of the Proposed Method

The performance indicator used by the company — % Attendance to PPC — is
similar to the OEE Performance indicator except that the last one does not take into
account the extra hours worked to manufacture or rework the accomplished product.

This discount equalized in the OEE Performance indicator also helps in
exposing the so called “hidden factory” interference in the process. Stamatis (2004, p.
12) defines hidden factory as:

[...] the hidden cost of a process, due to unaccounted and unrelated costs
associated with standard process. Examples are inspection, delays, rework
and extra processing. The hidden factory deals with throughput in the process
and tries to calculate the probability of an item passing through the process
the first time without any defect. Anything else 1s a loss, and theretore should
be counted as the hidden factory.

Whereas the amount of product manufactured through the use of extra hours
is shown as gain by the indicator % Attendance to PPC.

Figure 5 evidences the biasing of the % Attendance to PPC indicator due to
the use of extra hours to compensate the production not performed because of downtimes
and equipment failure, or general delays.

Itis also possible to notice by Figure 5 that the % Attendance to PPC indicator
always presents values higher than or the same as the OEE Performance indicator.

120

104 103 0 105 104 105

100 -

80

0

60 -

0,

40

20 -

1 2 3 4 5 6 7 8 9 10 N
Day
— Attendance to PPC (%) -u- Performance

Figure 5. Comparison between % meeting the PPC indicator and the OEE performance indicator.
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Table 3. Index of return of after filling PET bottles.

Observations % PET bottles returned
Day 01 3.3
Day 02 2.8
Day 03 49
Day 04 4.8
Day 05 3.5
Day 06 33
Day 07 4.3
Day 08 49
Day 09 35
Day 10 1.6
Day 11 2.6

Average 3.6

Itis pointed out that this study was performed based on the program informed
by the Production Planning sector. So, there is a gap for a further assessment of the
product cycle times, for values above 100% that were found without modifications in
the filler speed or in the other equipments during the study period.

As for the Quality indicator or FTT (First Time Through) there is none
similar established by the company. The waste index was used as a form of monitoring
the discarded PET bottles. According to the history, the waste of these bottles was
around 3%.

The initial focus of this study was based on the significance of the reutilization
of after-filling bottles. According to Table 3, an average of 3.6% of the bottles in good
conditions of use was reutilized for new bottling processes.

Although the practice of PET bottle rework is no more performed by the
company, it is deemed that the monitoring of the percentage of return of PET bottles
could be a process indicator to check if the actions taken to improve the OEE indicator
impact in the reduction of this index.

Even though the process shows expressive figures for the Quality indicator,
between 93 and 98% (see Figure 4), there are opportunities of improvement to enhance
this indicator. In a future monitoring the stratification of the quality problems shown
by the non-compliant packages through Pareto’s chart is appropriate in order to find
out the possible causes for the failures.

Conclusions and Recommendations for Future Studies

According to the results that were found during the period of this case study,
all the presumptions were confirmed and the currently used indicators do not guide to take
correct decisions, showing that the management does not act proactively to reduce the wastes.
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This work also proposes the application of a methodology that would be
adequate for analyzing and stratifying the production line downtimes in order to enhance
the operational efficiency in beverage PET bottling and correlate the OEE indicator
with the other operational indicators that already exist in the plant.

The indicators already deployed such as % Attendance to PPC show a
strong correlation with the OEE indicator, clearly signalizing the use of extra hours to
rework the packages or increase the production due to low efficiency of the shift. This
fact shows effectively that the selected indicator complies with its role of pointing out
failures in the process or the accomplished product quality in order to enhance the
operational efficiency.

Although the practice is no more used by the organization, rework has a
direct effect on the company productivity, generating an average return rate of 3.6%
over the total bottles used during the analyzed period.

As suggestions for further researches, the performance of benchmarking in
other beverage companies in the same industrial segment is recommend in order to
define optimal production parameters and identify the best practices. Additionally it is
suggested: to stratify longer downtimes in order to investigate the cause and avoid or
minimize new occurrences, and to monitor periodically the production process, aiming
at improving the operational efficiency.
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