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Abstract : Modern production and assembly lines contain several inspection stations and
the quality control tests made at such stations may lead to sending the tested unit to an off-line
repair shop in order make the necessary repair operations before reinserting the unit back in
the line. Consequently the order (sequence) at which processed units leaves the produc-
tion/assembly lineisdifferent fromitsinitial entering order. The consequences of these sequence
or rank changes are quite important for customized mixed-model production lines such as
motorcar assembly lines. In this paper we derive the probability density function of the rank
change of a given unit, from the probability density function of repair time. Having the exact
form of this function is a prerequisite for a better and complete analysis of this rank change
phenomenon, of its economical impact aswell asfor the design of efficient solutionsto avoid its
disruptive effects.

Keywords mixed-model asssembly line, motor car industry, probability analysis.

Résumeé : Les exigences de qualité conduisent a effectuer des contr6les systématiques sur
certains postes d'une ligne de fabrication. Le contréle effectué sur un poste peut conduire a
sortir dela ligne un article défectueux pour permettre sa mise en conformité, avant rénjection
danslaligne, ala sortie de ce point de controle. L’ ordre des articles a la sortie de ce poste de
contréle differe de celui a son entrée, en raison de ces perturbations. Les conséquences de ce
changement sont importantes dans la production de masse de produits personnalisés par des
options, comme C’ est le cas dans |’ industrie automobile. On a établi analytiquement la fonction
de probabilité du décyclage (= avance ou retard d’ un article quelconque sortant du poste de
controle), a partir de celledu retard positif ou nul engendré au contréle. La connaissance d’ une
telle fonction est un préalable aux analyses poussées du décyclage, des moyens a mettre en
aauvre pour contrer la désorganisation qui S ensuit et, ce faisant, pour fonder économiquement
la fiabilisation des processus de production ou de remise en conformité.

Mots clés: lignes d’ assemblage multi-model es, industrie automobile, analyse de probabilité,
décyclage.

1 I ntroduction

Modern quality standards and quality requirements make it necessary to add a number of
inspection or quality control stations to any production/assembly line. There are two possible
outcomes of an inspection operation in such a context. Either the inspected unit passes the
inspection test and goes to the next workstation, or it fails the test, which implies that this unit
should be withdrawn and send to a repair shop or arepair line to be repaired. Afterwards, the
unit returns to the main line (see Figure 1). The unit is brought back either to the inspection
station that sent it for repairs or to the following workstation. This depends on whether an equi-
valentinspectionisdoneintherepair shop or not. In many cases, it isrequired that the unit under
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repair does not leave the repair shop until it is re-inspected and passes the inspection tests that
caused its withdrawal from the main line.

In amixed-model production line, different models are introduced to the line according to a
predetermined sequence, which gives to each unit or model arank in the sequence. The
withdrawal and return of aunit impliesarank changefor thisunit aswell asfor some other units.
Thus, in general, the final sequence is different from the initial sequence. If no other unit is
withdrawn until the return of this unit, it will lose a number of positions in the sequence that
depends on the repair time of the unit and the cycle time of the main production/assembly line.
Ontheother hand, if some of the preceding and succeeding units are al so withdrawn and require
more repair time than our unit, the new position of the unit could be ahead of its old one. This
rank change phenomenon is of interest for many industries that use mixed-model produc-
tion/assembly lines particularly for the car manufacturing industry. That is why we will focus
hereafter on the impact and the analysis of this problem in thisindustry.

Figure 1. Mixed-model assembly lines with inspection stations
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It isthe usual practice to have a buffer stock after each inspection station. Thisis needed to
prevent line stoppage when acar iswithdrawn for repairs and al so allowsre-sequencing the flow
in order to overcome some of the negative effects of sequence or rank changes. These effects
will be discussed later but let usfirst give the definition of some terms that will be used in this
paper. We define the rank of a car under assembly at the entrance of a given workstation as its
order number in the production sequence at this entrance point. Thus theinitial rank of acar is
its order number or position in the sequence at the entrance of the first workstation of the
assembly line. Similarly, the final rank of a car isits rank at the entrance of the final stocking
area at the end of the line. Assuming that our assembly line has a constant cycle time and that
the line has never been stopped for any reason, the rank of a car among those to be introduced
during agiven time period (e.g. aday) at the entrance of a given workstation equal's the number
(starting the count at the beginning of the time period) of the production cycle where thisworks-
tation processes the considered car. The difference between the rank of agiven car at aworks-
tation B and itsrank at a preceding workstation A, will be referred to as the rank change of this
car between A and B. The overall rank change is the difference between the final rank and the
initial rank. A rank change could be positive, negative or nil. A positive rank change (called lag)
means that the car will come out of the line later than initially planned and a negative rank
change (called advance) means that it will come out earlier. In this paper the rank change
between A and B will aso be called the «decycling» between A and B.

Obvioudly, there are no rank changes between aworkstation A and a following workstation
B if there is no inspection station in between and no withdrawal is alowed over this line
segment. The rank change of agiven car at agiven inspection station, which is measured by the
difference between its rank at the entrance of the following workstation and its rank at the
entrance of the given inspection station, depends not only on what happens to this car but also
on what happens to some of the succeeding and preceding cars. Figure 2-ashowsthat if: the car
in the ith position fails the test losing k positions (due to its repair time), and all the other cars



pass the test, then each of the carsin positionsi + 1, ..., J, ... , i + Kwill get a negative rank
change (advance) of 1 position (i.e., moves forward one position). Figure 2-b presents a situa-
tion where the car in position i needs repairs that take k cycles but loses only k— 1 positions
(positive rank change of k — 1) asthe car in positioni + j (with j <K) requires repairs for more
than k —j cycles (inthe figureit requirek —j + 1 cycles).

Figure 2: Rank change depends on repair time of the car and repair time of its neighbours
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The consequences of rank changes are discussed in detail in Danjou, Giard and Le Roy
(2000,[4]). Hereafter we give ashort discussion of these consequences. But to better understand
rank changes effects, let us recall that modern assembly lines generally adopt a just-in-time
policy for the delivery of componentsto theline. Also noticethat theinitial production sequence
ismainly madein away that uniformly dispersesthe cars of the same model or having acompo-
nent requiring large installation time. Thisis usually called the model or option spacing cons-
traints. Uniformly spacing cars that require higher operations time at a given workstation helps
the workers at this station to follow the line pace. Actually, if amodel requiring more time than
theline cycle time, is followed by a sufficient number of models that require less time than the
cycle time, then the line balance will be maintained. Furthermore, one of the objectives we
pursuein determining the initial production sequence isto reduce or to minimize the number of
tools and machines set-ups.

Rank changes havethree main effects. First, the just-in-time, components-supply plan, which
is established in terms of the initial production sequence, can no longer guarantee the conti-
nuous functioning of the line. Some componentswill stay longer before they are used and some
others will not be available when needed. Consequently, rank changes force the holding of a
larger safety stock of components. Second, rank changes make it harder for some workstations
to keep up the pace. Consequently, additional workers should be sent to such workstations from
timeto timein order to help rebalance theline. Finally, rank changes usually lead to an increase
in the number of tool and machine set-ups.

The contribution of this research is twofold. First we study the following important and
fundamental problem. Given the probability density function of R, the number of cycles a car
needs for repairs (R depends directly on repair times and the line cycle-time), determine the
probability density function of A, the rank change between the entrance to an inspection station
and the entrance to the following station (recall that usually we have a buffer stock in between).
Thuswe seek to determine P(A = 8) asafunction of P(R = r). Second, we provide apreliminary
analysis of some related problems such as the determination of the size of the buffer stock that



follows an inspection station, how to determine the probability distribution of rank changes for
lines with multiple inspection stations, and how to organize the repair line or the repair shop.

Obvioudly, determining the form and parameters of the probability density function of A isa
prerequisite for aprecise analysis of the economicimpact of decycling or rank changes. In other
words, knowing the form and parameters of the probability function of rank changes, P(A = 9),
is needed to calculate the resulting increase in components safety stock, the resulting increase
inwork force cost and the additional tool and machine set-ups. Knowing the form and the para-
meters of thisfunction isalso necessary if we want to evaluate the impact of a specific action to
improve the production process. Thisis because production process improvements should lead
to amodification of the probability density function P(R= r), and consequently, will modify the
function P(A = §). Hopefully, thiswill lower the cost of the resulting components safety-stock,
of the resulting additional work force and of the additional set-upsinduced by rank changes.

The form and parameters of the function P(A = §) can be found empirically by simulation.
This is the only available method if the buffer stock, between the inspection station and the
following workstation, is not a «first in first out (FIFO)» stock (see Danjou, Giard and Le Roy,
2000). Hereafter, we assume that the flow through this buffer stock is FIFO and we shall derive
the exact form of P(A = §). Knowing the exact analytical form of this function is much more
helpful than just having an approximate empirical form if we need to study the response of the
manufacturing system to any improvement action.

In addition to the above-mentioned assumption, we also assume that:

- The repaired cars do not come back to the main line until all the defects that caused their
withdrawal are completely corrected. When they return, they are directly inserted into the
buffer stock that follows the inspection station.

- The number of carsin thisbuffer stock is sufficiently large to prevent any line stoppage due
to withdrawal of cars. Actually, to prevent such line stoppage, the number of carsto place
in the buffer stock should equal r, the maximum number of cycles that a car may need for
repairs. However, we may accept placing fewer carsin the buffer if we can accept alimited
probability of line stoppage. This point will be studied in more detail in § 3, page 8.

- There is complete independence between the event «a car needs repair» and the event «the
following car needs repair.

- Therepair line or shop has sufficient capacity. Consequently, thereisno waiting timein this
shop or line. Therepair time depends only on the needed repairs and does not depend on the
number of cars under repair.

- The production/assembly lineisin a steady state. We are not studying the transition state of
theline

Although several contributions to mixed-model production/assembly line problems have
been proposed in the literature over the last three decades, to the best of our knowledge, the rank
change problem and its economic impact have never been the subject of any publication. In the
availableliterature, for example, Thomopoulus (1970, [ 14]), Chakravarty and Shtub (1985, [3]),
Miltenburg and Sinnamon (1989, [13]), Kim and Kwak (1993, [9]), Askin and Zhou (1997, [1]),
Gokeen and Erel (1997, [7]) and McMullen and Frazier (1997, [11]), studied the problem of
mixed-model line balancing. Miltenburg (1989, [12]), Miltenburg and Sinnamon (1989, [13]),
Inman and Buffin (1991, [8]), Kubiak and Sethi (1991, [10]) and Danjou et al (2000, [4]) studied
the problem of production sequencing. Bolat et al (1994, [2]) and Giard (1997, [5]) studied the
problem of real-time line rebalancing where such rebalancing is needed. A review of some of
this research work can be found in Yano and Bolat (1989, [16]).

The organization of this paper is as follows. In § 2, page 5, we anayse the rank change
problem under the special assumption of identical repair time for al cars. In § 3, page 8, we
discuss some related problems such as how to determine the size of the buffer stock that follows
an inspection station, how to determine the probability distribution of rank changes for lines
with multiple inspection stations, and how to organize the repair line or the repair shop. In § 4,
page 9, we generalize the model to consider the case where cars may have different repair times.



§ 5, page 13 dea s with the question of how to model the case where cars may require more than
one visit to the repair shop. Finally, the conclusions of thisresearch are drawnin § 6, page 13.

2 A ssimplified rank-change probability function

Let us consider the simplified situation where R, the number of cycles required for repairs,
takes either the value O (the car passes the inspection test) or afixed value p. Thismeansthat the
repair timeisthe samefor all carsthat fail the inspection test. This situation occurs for example
if the repairs are done on a paced secondary or parallel linewith afixed number of workstations

L et us aso assume that the repair shop will repair al defects and consequently arepaired car
will always be able to pass the inspection test with success. Thus arepaired car will be sent to
the buffer stock following the inspection station and will not be sent back to the inspection
station. In the next section we will show how to deal with the case where we cannot make this
assumption, i.e., how to deal with the case where a car requires several visitsto the repair shop
or the repair line before it becomes acceptable.

Under the above assumptions, the car in position | either passes the inspection and immedia-
tely entersthe buffer stock or failsthe test and is sent to the repair line to come back and enters
the stock p cycles later. When it comes back, its position in the sequence depends on X, the
number of cars, among those originally in positionsj + 1 throughj + p, that failed the inspection
test. Precisely its new position will bej + p —x.

Rank change d isnegative (the car movesto aforward position), nil or positive (the car moves
to abackward position). Rank change is negative (8 < 0; also called position advance) if the car
passes the inspection and one or more of the preceding r carsfail (R= 0 and x> 0). Rank change
isnil (8 =0) if R=0 (the car passes) and x = 0 (no one of the preceding p carsfail) or if R=p
(the car fails) and x = p (all the succeeding p carsfail). Finadly, rank change is positive (6 > 0;
also called position lag) if R= p and some but not all the succeeding carsfail the inspection (x
<p)-

Let us cal po the probability that a given car passes the inspection and P(X = X) the proba-
bility that x among p successive carsfail theinspection. Thenwehave P(R= 0) = py, P(R= p) =
1—-pg and P(X=x)= CX(1-pg)*p, ; O£ x£r (Recall that we assumed that the events «a
car fails the test» and «the succeeding car fails the test» are independent; thus P(X = x) is a
binomial distribution).

It is easy to seethat if R= 0, which has a probability P(R = 0) = pg, and if x> 0, which has a
probability C¥(1—py)*p;~*, we obtain a negative rank change (8 < 0) with a probability
P(A =9) = poCX(1—po)*py " - Also, R = p, which has a probability P(R= p) = 1 - pp, and

p >x3 0, which has a probability CX(1—p,)*p; ™", leads to a positive rank change (5 > 0)
with a probability P(A =8) = (1-pg)CX¥(1—pg)*p, ~*. Finally, the probability P(A = 0)
equals the sum of P(R=0).P(X=0) and P(R=r).P(X=r). Thus

P(A=0) = p(f)"1+(1—po)r *1 . |n summary we have:
P(A =8) =CX(1—po)*pg **1;d<0
P(A=8)=py " +(1-py)*t;d =0

P(A=8)=CX(1-py)**1pj~*;d>0



Asan illustration, Tablel, page 7, gives the probability P(A = 8) for p = 10 and some values
of po ranging from 0.80 to 0.98. Figure 3, page 6, gives the general form of this probability
density function. This figure shows that P(A = 9) is, in general, not symmetrical. This can be
explained by examining the probability function. It implies that P(A = 9§; 6 <0) =

CX(1—po)*ph "1 whileP(A = 8; 8 > 0) = CX(1—pg)** 1pg ~*and if we agree that pg have

0

in general avalue larger than 0.50, we can see that P(0 < 0) is generaly higher than P(6 > 0).
However, this probability density function becomes symmetrical in the case where pg = 0.50.

Table2, page 7, and Figure 4 show the effect of r on the probability P(A = 8) for agiven value
of pg (Po = 0.98). Obviously, the standard deviation of rank changes decreases as p decreases.

This may significantly reduce the economic impact of decycling.

Figure 4 : The simplified probability distribution P(A=0) as a function of p (p, = 0.98)
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Figure 3: Probability density function P(A = d), in case of identical repair times (r = 10)
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Table 1: The probability P(A=0) for p =10

q Po (= probability of not passing the inspection test with success)
98% 96% 94% 92% 90% 88% 86% 84% 82% 80%
—10] 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00%
-9 | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00%
-8 | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.01%
4~ | —7]000% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.01% | 0.02% | 0.03% | 0.06%
= | —6 ] 000% | 0.00% | 0.00% | 0.00% | 0.01% | 0.03% | 0.07% | 0.15% | 0.26% | 0.44%
= | =5 ] 0.00% | 0.00% | 0.01% | 0.05% | 0.13% | 0.29% | 0.55% | 0.93% | 1.45% | 2.11%
= =4 000% | 0.04% | 0.18% | 0.48% | 1.00% | 1.78% | 2.81% | 4.06% | 5.50% | 7.05%
-3 | 0.08% | 0.55% | 1.58% | 3.15% | 517% | 7.46% | 9.85% | 12.18% | 14.31% | 16.11%
-2 | 150% | 4.99% | 9.28% | 13.60% | 17.43% | 20.51% | 22.70% | 23.99% | 24.44% | 24.16%
—1 | 16.34% | 26.59% | 32.32% | 34.75% | 34.87% | 33.42% | 30.98% | 27.98% | 24.74% | 21.47%
0 80.07% | 63.82% | 50.63% | 39.96% | 31.38% | 24.51% | 19.03% | 14.69% | 11.27% | 8.59%
1 | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00%
2 ] 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00%
3 | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.01% | 0.02%
4 | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.01% | 0.03% | 0.06% | 0.11%
= 5 ] 0.00% | 0.00% | 0.00% | 0.00% | 0.01% | 0.04% | 0.09% | 0.18% | 0.32% | 0.53%
— 6 | 0.00% | 0.00% | 0.01% | 0.04% | 0.11% | 0.24% | 0.46% | 0.77% | 1.21% | 1.76%
7 ] 0.00% | 0.02% | 0.10% | 0.27% | 0.57% | 1.02% | 1.60% | 2.32% | 3.14% | 4.03%
8 | 0.03% | 0.21% | 0.59% | 1.18% | 1.94% | 2.80% | 3.69% | 4.57% | 5.36% | 6.04%
9 ] 033% | 1.11% | 2.06% | 3.02% | 3.87% | 4.56% | 5.04% | 5.33% | 5.43% | 537%
10 | 1.63% | 2.66% | 3.23% | 3.48% | 3.49% | 3.34% | 3.10% | 2.80% | 2.47% | 2.15%
Table2: The simplified probability distribution P(A=0) as a function of p
q Po = 98% | pg = 96% | pg = 94% | pg = 92% | pg = 90% | pg = 88% |pg = 86% | pg = 84% | pg = 82% | pg = 80%
r=10{r =5 |r=10r =5 |r=10{r=5|r =10 r =5 |r =10 r =5 |r =10|r =5 |r =10| r =5 |r =10/ r =5 |r =10/ r =5 |r =10/ r =5
— 15' 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
—9]0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
—8]0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
—710.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.06
; —6]0.00 0.00 0.00 0.00 0.01 0.03 0.07 0.15 0.26 0.44
__'f; —5]0.00|0.00|0.00 |0.00|0.01|0.00|0.05|0.00|0.13|0.00|0.29 |0.00 |0.55|0.00 |0.930.01 |1.45|0.02 | 2.11 | 0.03
—4]0.00/0.00 |0.040.00(0.18|0.01|0.480.02 |1.00|0.04 |1.78 |0.08 | 2.81|0.14 |4.06 | 0.23 |5.50 |0.35|7.05|0.51
—3]0.08/0.010.55|0.06 |1.580.18|3.15|0.40 |5.17|0.73|7.46 |1.18 | 9.85 | 1.75 12.18| 2.43 14.31| 3.22 |16.11|4.10
—2]1.50/0.37 14.99 |1.36 |9.28 | 2.81 [13.60| 4.58 [17.43| 6.56 |20.51|8.64 22.7010.7223.9912.7524.44(14.6524.16(6.38
—1[16.34/9.04 26.5916.3132.3222.0234.7526.3634.8729.5233.4231.6630.9832.9327.9833.4624.7433.3721.4782.77|
0 80.0788.5863.82[78.2850.6368.9939.9660.6431.3853.1424.5146.44(19.0340.46(14.6935.1311.2730.40| 8.59 [26.22)
1 |0.00|0.00 |0.000.00|0.00|0.00|0.00|0.00|0.00|0.00|0.00|0.010.00|0.02|0.000.040.00|0.080.00|0.13
2 10.000.00 0.00|0.00|0.00|0.01|0.00{0.030.00|0.080.00|0.16|0.00|0.28 |0.00 | 0.46 |0.00 |0.71|0.00 |1.02
3 10.00/0.01 0.00|0.06 |0.00|0.28 0.00{0.40 |0.00|0.73|/0.001.18|0.001.75|0.00|2.43|0.01 |3.22|0.02 |4.10
4 10.00(0.18|0.00|0.68|0.00|1.41|0.00 |2.29 0.00 |3.28|0.00 |4.32 |0.01 |5.36 |0.03 | 6.37 |0.06 | 7.32 | 0.11 |8.19
Z| 5 |0.001.81|0.00 3.26 0.00 4.400.00|5.27|0.01|5.90 | 0.046.33|0.09|6.590.18 |6.690.32|6.67 | 0.53 | 6.55
E 6 |0.00 0.00 0.01 0.04 0.11 0.24 0.46 0.77 121 1.76
B 7 10.00 0.02 0.10 0.27 0.57 1.02 1.60 2.32 314 4.03
8 10.03 0.21 0.59 1.18 194 2.80 3.69 457 5.36 6.04
9 |0.33 111 2.06 3.02 3.87 4.56 5.04 5.33 5.43 5.37
10 ]1.63 2.66 323 348 349 334 3.10 2.80 247 215
?;?;?L?,] 710.77|2.06|1.07|2.49|1.30|2.85|1.49|3.15|1.64|3.41|1.78|3.64|1.90|3.84|2.01 |4.03|2.10|4.20 | 2.19




3 Preliminary analysis of somerelated problems

In this section we study three problems related to the repair and rank change problems: (& 3-
1, page 8) the determination of the size of the buffer stock that follows an inspection station,
(8 3-2, page 8) how to determine the probability distribution of rank changes for lines with
multiple inspection stations, and (8 3-3, page 9) how to organize the repair line or the repair
shop.

3-1 Buffer size

As mentioned an inspection station is usually followed by a buffer stock. Thisis essential to
avoid line stoppage if a car is withdrawn for repairs. Instead of sending the cars that pass the
inspection directly to the following station, we send them to a buffer stock that is used to feed
the following station. Assuming that the assembly line isin a steady state, then the number of
carsin the buffer at any moment equalsitssize (i.e. the maximal number of carsthat it can hold)
minus the number of carsin the repair line or shop at that moment. So, to avoid line stoppage,
the buffer size should belarger than or equal to the maximum number of carsthat could befound
in the repair line or shop at any moment. Under our assumptions, it is easy to see that this
number equal s the maximum number of cyclesacar may need for repairs. Thus, to never empty
the buffer, which leads to line stoppage, the size of the buffer should equal p, the maximum
number of cycles acar may need for repairs.

We haveto mention that the buffer stock is also needed to avoid stoppage of the down stream
part of the line (stations following the buffer stock) if the up-stream part (the part preceding the
buffer) stopsasaresult of any technical problem or any material supply problem. Hereafter, we
deal only with line stoppage because of cars withdrawn for repairs.

Holding alarge number of carsin the buffer leadsto an increased inventory holding cost. But
asthe probability that r cars be ssmultaneously in repair is quite small, we may decideto hold a
smaller number of cars, say S in the buffer stock. This decision should be made taking into
consideration the inventory holding cost and the cost of stopping theline. Thislater cost mainly
depends on the probability of having more than S cars withdrawn for repairs. But as shown in
the previous section, P(X=x), the probability that x among p carsfail theinspection test, isgiven
by a binomial probability function. Consequently, The probability of having more than Scars
withdrawn at a given moment, noted P(X>S) can be obtained by:

r
P(X=S)= & CX1-po)pf~**?
X=S+1

Table3, givessomevaluesof P(X > § for p =10 and po ranging from 0.80 to 0.98. Thistable
shows that for p =10 and py =0.96 the probability of having more than 2 carsin repair is only
0.62 %. For the same value of p but with pg = 0.80, the probability of having more than 5 cars
inrepair isalmost at the same level (0.64 %)

Table3: The probability of having morethan Scarsin repair.

po, the probability that a car passes the inspection test
S
98% 96% 94% 92% 90% 88% 86% 84% 82% 80%
2 0.09% | 062% | 188% | 4.01% | 7.02% | 10.87/% | 15.45% | 20.64% | 26.28% | 32.22%
4 0.00% | 000% | 0.02% | 0.06% | 0.16% | 037% | 0.73% | 1.30% | 2.13% | 3.28%
5 0.00% | 000% | 0.00% | 0.00% | 001% | 0.04% | 0.10% | 0.20% | 0.37% | 0.64%

3-2  Lineswith multiple inspection stations

Let us consider a production/assembly line with m inspection stations and assume that each
of these stationsisfollowed by abuffer stock of sufficient capacity to prevent any line stoppage.



Also we assume that the flow through these buffersis FIFO (no re-sequencing is done) and
compl ete independence between the events (pass or fail) at different inspection points. Then the
probability density function of the overall rank change between the initial and final sequence
can be determined easily asthe overall rank change & will be the sum of successive rank changes
81, 0,..., O, The probability density function is the sum of mbinomial functions, which, based
on the central limit theorem and assuming that mis sufficiently large, can be approximated by
anormal probability density function.

3-3  Repair activities organization

We have mentioned that repairs are usually done either in a paced secondary line with a
number of workstations or in a repair shop with a sufficient number of parallel and identical
repair stations. In this second case each car is assigned to one and only onerepair station, which
will perform all the necessary repairs. The number of repair stations should be sufficiently large
in order to avoid waiting times. Thisimpliesthat, in order to be ableto treat cars as soon asthey
arrivein therepair shop, the number of parallel stations should be greater than or equal to p, the
maximum number of cars that could be found in the repair shop simultaneously. However, we
may decide to use afewer number of repair stations, say Sstations. Then the probability that a
car will wait for repairs equals the probability P(X > S). This probability can be determined as
shown in the previous section.

Furthermore, the repair shop can be considered as a queuing system with Sparallel and iden-
tical servers. Thisalowsusto determine the average waiting time and the average sojourn time.

4 A general rank-change probability function

In § 2, page 5, we derived the probability density function of rank changesin the simple case
where R, the number of cycles required to perform the necessary repairs, takes either the value
0 or p. In this section we consider the case where R can take any integer value between 0 and p.
In such a case, the rank change 9, for the car in position j and requiring p cyclesfor itsrepairs,
will be r —x where x is the number of cars with an initial rank betweenj +r—1andj+r —p
that are withdrawn for repairs and reintroduced in the main line after the considered car.

Asd=r—-x,0E£ErE£pand0£XE p,then—p £ 0 £ p. Also it is obvious that the same rank
change 6 can be the result of anumber of combinations of r and x. For example a positive rank
change value 6 can be obtained by any value of r intheranged £r £ p and x =r — §. On the
other hand a negative rank change 6 can be obtained by any value of r intherangeO£r £ p —9
and x =r + 9. Thus, to generalize, arank change d (positive or negative) can be obtained by any

value of r intherange Max(0,d) £r £ Min(r,r +d) andx=r —d.

Consequently the probability P(A = §) can be calculated by:
Min(r,r +d)
P(D=d) = 3 P(R=r)xP(X=r-d)
Max (0, d)

AsP(R = r) isknown, to calculate the probability P(A = §) we need to cal culate the probabi-
lity P(X = x). Thisis more complicated. In the following we start by showing how to calculate
the probabilities P(X = 0), P(X = 1), P(X = 2) and P(X = 3). Then, by induction, we derive the
general formulafor P(X = x).

Recall that we are considering the car in position j and our objective isto calcul ate the proba-
bility that x among the cars in positions betweenj +r —1 and j + r — p come back to the line
behind the considered car. Let the probability that the car in position + r —i require less than i
cyclesfor itsrepairs be noted P(R 4 < ).



4-1  Theprobability P(X=0)

In this case none of the carsin positions betweenj +r —1 and j + r — p come back after the
car having theinitial position j. The probability of this combined event is:

P(X = 0) = P(R.1<1). P(R 5<2).... . P(R.r <r)

But assuming that the probability functions of R for all cars are identical and independent,
we can write:

;
P(X=0) = & P(R<i)
i=1
r
Now putting P = & P(R <i) wecanwrite:
i=1
P(X=0) =P

4-2  Theprobability P(X=1)

In this case only one car among those initialy in positionsj +r —1and j + r —p come back
after the car having theinitial position j. All other carsthat are withdrawn for repairs come back
to the main line in position preceding this car. The probability of thisevent is:

P(X=1)=P(R_{* 1). P(Ri2< 2).... . P(R.r <r)
+P(R_1<1). A(R.2® 2).... . P(R.r <r)

+

+P(R.1<1). P(R o< 2).... . P(R.r 2 r)
Again, assuming that the probability functions of Rfor all carsareidentical and independent;
then multiplying and dividing each term by P(R <), we obtain:

[ 0. P(R3I)
P(X=1) = | O PR<K)y & 5oo—
Tk=1 %izl( )

. r
Putting g; = EJ(%% and 3 g; wecanwrite:
i=1

P(X=1) = P x5,

4-3  Theprobability P(X=2)

In this case exactly two of the carsin positionsj +r —21 andj + r —p come back after the car
having the initial position j and all other cars that are withdrawn for repairs come back to the
main line in a preceding position. Let these two cars be those in positionj +r —iandj +r —k
withi <k £p. The probability of thissituation is:

r-1 r
PX=2)= & & P(Rj4+_1<1)..PRy+r_i®1)..P(Rj, 2 K)..P(R 4 <T)
i=1lk=i+1

As before, we assume that the probability functions of R for all cars are identical and inde-
pendent. Multiplying and dividing each term by P(R < i), we obtain:

P(X=2) = (L)P(R<k)xré_1mX 5 PR2J)
o1 2 PR<I) 5, P(R<])

Modifying the limits of the first and second summations, we can write:



P(X=2) =

NI

r £ P(R2 i), o P(R? )
X R < k) x
O PIR=x& 5rsi) 8.p(r<])

Which can be written:
r r

1 1
PIX=2) = 1P Xa (6,%8.9) = 5P X4 (9,61-0)
i=1 jti

r r
Putting s, = & (g;)? and N, = 3 (g; x4 gj) = (s;)2-s,, the formula above
i=1 i=1 jri
becomes:
_ N2
P(X = 2)—Ex

r
Similarly, wecanrewriteP(X=1) and P(X=0). Let N, = § (g;) = s; and Ny = 1 then:
' K3
P(X = 1):F xP and P(X = O):a xP

4-4  The probability P(X=3)

In this case exactly three of the carsin positionsj +r —1and j +r —p come back after the
car having theinitial position j and all other carsthat are withdrawn for repairs come back to the
main line in a preceding position. Let these three cars bethose in position + r —i,j + r —kand
j+r—=lwithi <k<I £ p. The probability of thisevent is:

r-2r-1 r
PX=3)=8a a & PRy, _1<D..PRy, _i® 1) .PRj, _*K)..P(Ry, ;3 )..P(R
i=lk=i+1l=k+1

j+r— r<r)

Here al so we assume that the probability functions of Rfor all carsareidentical and indepen-
dent. Multiplying and dividing each term by P(R< i) we obtain:

-1 . r .
= a) = & PRk PRIK ., SL PR, PRS2 )
(X=3) kc_) ( )x 2 PR<K) %, P(R<I) " 8 P(R<])

Modifying the limits of the three summations, we can write:

_ 1, % xf, P(R3K), . P(R2I), P(R2 j)
PX=3) =5 k(_) PR<k) * P(R<K) “4 P(R<I) s 2, P(R<])

Which can be written:

r
P(X=3) = 3P x4 (g%4 o & g,))-ixp

(9 * & 9i(s1—9¢—9i))
k=1 itk it k i1k

1] m°*

1
And leads to:

P(X = 3) :% xpP x|:sl x((sl)z—sz) -2 _? (gk)2 Xgi]

1it k

I Qo =

k

r r

Putting s; = & (g;)% and N3 = & g,( akg,x a I(gj) = (s)3 —3s,5,+ 253, the
i=1 k=1 it jrit

formula above becomes:



P(X = 3) =L xP x[(5)3— 35,5, + 25,] =2 xp
Notice that we can write N3 = s;N, —2s,N, + 253Ny = 5N, —2!s,N, + 253N

4-5  The probability P(X=x)

In this case exactly x cars will come back after the car originaly in position j. By mathema-
tical induction we can write:

P(X = X) =% xp

( —X)—gx
T . L, O X t-1_(x=21)!

Where: N, = 3 g,¢cd i9ix & 0j(a%)y== & (-1) " x T XS XNy
k=1 @1k jritk & t=1 (x -0

Asanillustration, Table5, page 13, and Figure 5give the probability P(A=0) for four different
probability distribution functions P(R=r). For these distributions p =10, p, = P(R = 0) is either
0.80 or 0.90 and the conditional probability P(R=r /R > 0) is either skewed to the |eft or to the
right as shown in Table 4.

Figure5: The general probability distribution P(A=9).
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Table 4: Conditional probability P(R=r/R > 0)

Probabilité conditionnelle
P(R=r/R>0)

Skewed to the left 10% | 29% | 22% | 14% | 10% | 5% | 4% | 3% | 2% | 1%

r=1|r=2|r=3|r=4|r=5|r=6|r=7|r=8|r=9|r=10

Skewed to the right 1% | 2% | 3% | 4% | 5% | 10% | 14% | 22% | 29% | 10%




Tableau 5: The probability density function P(A=9) in the general case

Skewed to theleft Skewed to theright
Po 90% 85% 80% 90% 85% 80%

—10 0.46% 0.45% 0.39% 0.07% 0.09% 0.09%

-9 1.70% 1.89% 1.82% 0.17% 0.22% 0.26%

-8 2.23% 3.01% 3.44% 0.27% 0.37% 0.46%

y -7 1.89% 2.98% 3.96% 0.37% 0.52% 0.66%
= -6 1.37% 2.34% 3.43% 0.47% 0.67% 0.86%
= -5 0.87% 1.58% 2.49% 0.84% 1.17% 1.44%
= —4 0.56% 1.02% 1.65% 1.26% 1.78% 2.23%
-3 0.39% 0.68% 1.08% 1.94% 2.73% 3.41%

-2 0.28% 0.48% 0.74% 2.65% 3.79% 4.81%

-1 0.18% 0.32% 0.51% 1.55% 2.61% 3.77%
0 41.16% | 2565% | 15.73% | 62.99% | 49.68% | 39.18%
1 33.74% | 33.00% | 28.13% | 23.63% | 28.84% | 31.10%

2 1224% | 18.83% | 22.48% | 3.53% 6.69% 9.95%

3 2.58% 6.24% | 10.44% | 0.27% 0.79% 1.62%

4 0.35% 1.33% 3.11% 0.01% 0.05% 0.15%

- 5 0.03% 0.19% 0.62% 0.00% 0.00% 0.01%
i 6 0.00% 0.02% 0.08% 0.00% 0.00% 0.00%
7 0.00% 0.00% 0.01% 0.00% 0.00% 0.00%

8 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

9 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

10 0.00% 0.02% 0.37% 0.00% 0.00% 0.00%

5 Repeated failureto passinspection tests

To simplify our model we assumed that each repaired car does not leave the repair shop or
line until al the defects that caused its withdrawal from the main line are correctly repaired. In
the opposite case where a car fails the inspection severa times our results remain valid but we
have to use a modified probability function of R..

Consider acar that requiresr, cycles for itsfirst visit to the repair line or shop and requires
r, cycles for its second visit. Assuming that the number of repair cycles of the two visits have
the same probability function (i.e., P(Rl =r)= P(R2 =r)," r), then the probability of requi-
ring atotal of r cyclesfor the two visits (with 2p 3 r 2 r;) can be obtained by:
Min(r, r)
PR=r)= & PR;=r)P(R,=r-r);0Er£2r
r,=0
In the case where the car requires three visits the probability is given by:
Min(r, ) Min(r—ry, 1)
PR=r)= & P{R;=ry) 3 P(R,=r,)P(Rg=r—ry—ry) ; 0Er£3r
r,=0 r,=0
And we can generalize thisfunction in avery classical way to the case of anumber of visits
v. Then we can derive the probability density function of rank changes (i.e., P(A=0)) using the
generalized probability function of R.

6 Conclusions

In this paper we showed that it is possible to derive and we derived some probability density
functionsof rank changesin mixed-model production/assembly lines. The results obtained open



the door for amore rigorous analysis of the rank changes phenomenon and its economic impact.
A preliminary analysis of some of its consequences is provided here but it is obvious that a
deeper investigation is needed. Thiswill be the subject of some forthcoming reports.
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