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Modern theory ofmanufacturing execution holds that
time is the most telling indicator ofmanufacturing per­
formance, that bysystematically reducing the manufac­
turing interval anditsvariation, a manufacturer canfol­
Iowaproven path to world class status. Because the
method is based on a different philosophy ofmanufactur­
ingoperations, rather than on expensive technology, it
requires little initial capital investment. The role ofvaria­
tion is emphasized in this paper, and a quantitative
analysis ofvariation shows how variability occurs in the
factory. Batching, quality problems-including low
yield-and unreliable equipment and material flows are
shown to be major sources ofvariation and delay. The
roles offactory loading, load smoothing, and flexible
manufacturing are also shown inquantitative terms.
Practical suggestions are given for implementing lIT
(iust-in-time), including kanban and pull systems, lotsiz­
ingand setup time reduction, and compensating for
lossesfrom low yields to make lIT work.
Introduction

lIT manufacturing can be definedas a process to achieve con­
tinuous improvementby systematically eliminating the three evils of
manufacturing: excess, waste, and variation. This articleexplores the
concept oflIT manufacturing to identify principles that might be
applied to any manufacturing, not onlyto high-volume, assembled-to­
stock commodity products.

This article is reallyabout time: its uses and fundamental
significance in manufacturing performanceand competitiveness. Par­
ticular attention is paid to the insidiouseffectsofvariation, and some
principal causes ofvariation are suggested. The main types ofvariation
studied are varyingtimes between arrivalsofwork at factory work­
centers, and varyingservice times.These variations playa primaryrole
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Figure 1. Probability density function.

in factory performance, and are influenced by virtually
everyaction of factory personnel.

Time-The Gauge of Manufacturing Performance
Successful manufacturers combine high quality,

low cost, and large market share withthe shortest and
most nearly constant manufacturing time. To see why, we
need onlyreflecton howmanufacturing time is used.We
will find manyclues to improving operations by examin­
ing the causes ofwaiting time.The total time a product
spends in the factory includesboth processingtime and
waiting time, and is calledvariously factory time, manu­
facturing time, manufacturing interval, or just interval.

Before lIT, direct manufacturing process opera­
tions might haveaccounted for only 2 percent ofa prod­
uct's factory time; the remaining 98 percent was waiting
time. But even some production time mightbe caused
by a faulty operation that spoiled the product, requiring
either a total restart or diversion into a reworkor repair
area.We can accountfor most of the waiting timeby
observing that, in most factories, the productwasbatched
into queues, and each unit had to waitits turn. Or, it was
processed ahead of schedule to help a department's
efficiency rating, but then sat in a storeroomuntilneeded.
Perhaps the unit was needed urgently, but was delayed
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because the next machine had to be fixed. Or maybe a
companion unit waslate, and "the showcould notgo
on" until it arrived. Finally, the unit mayhavehad to
wait for testing or inspection to ensure it conformed to
quality standards.

In this pre-jrrenvironment, it is evident that,
exceptfor briefperiodswhen processingadds value
to the product, all the rest of the time is the result of
excess, waste, or variation. The best manufacturers do
not acceptthese operational penalties as unavoidable.
They seek continuous improvement by systematically
eliminating the causes ofproblemsin a quest for noth­
ing less than domination over the three evils of
manufacturing.

Reducing manufacturing interval and its varia­
tionare an acid test to measure improvement in manu­
facturing performance, and gauge a business' ability to
improve its entire operations cycle from order entry
through productdelivery. As the causes ofexcess,
waste, and variation are eliminated, there is less wait­
ing,and operations becomeless variable. Consequently,
the manufacturing process becomesmore reliable,
costs come down, and service improves.

Speedis an important source ofcompetitive
advantage. Faster, more constantcompetitors need less
inventory for a givenlevel ofcustomer service, havea
lower risk ofobsoleteinventory, and generally enjoy
lowercosts and higher profits. They havegreater flexi­
bility and more optionsfor innovative approaches to
customerservice. Rapid productdevelopment and rapid
manufacturing execution provide an enormousadvan­
tage in winning market share by enabling the company
to bring product innovations to market sooner than
competitors. 1

Managing a manufacturing business by manag­
ing timeis the essence oflIT.

The Just-In-Time Paradigm
lIT, as the term implies, tries to streamline the

manufacturing process so, at each stage, production
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Figure 3. Time in the facility, no variation in service or
arrival times.

is called the coefficient ofvariation, and is shown as c:
C=(}"/Il, where Il (mu) denotes the mean. Coefficient of
variation is defined onlyfor processeshavinga non-zero
mean, and is useful whenpercentage deviation from the
mean is relevant; c is dimensionless. The squared coeffi­
cient ofvariation, c2, appearsfrequently.

Readers interested in the mathematical details
are referred to the standard literature in queuingtheory­
and stochasticprocesses.3,4

Variation, Delay, and Utilization. Consider a service
facility witha singleserver,where servicetime, Ils, is the
same for allcustomers.The capacity ofthe facility is then
1/Ils customersper unit time. If the time between custo­
mer arrivals is invariably Ila, and as longas the service
time is less than the time betweenarrivals, then no one
has to waitfor service, because the previous customeris
always done before the next one arrives. This is true
even if the interarrival time is arbitrarily closeto the ser­
vice time-as longas Ila is greater than or equalto Ils­
because weassumed that neither Ils nor Ila evervaries.

However, if Ila is evenslightly less than Ils, the
server will get farther behind-by time u, - Ila-as
each customerarrives. In the long run, the queue in
frontof the server will become infinite, and the average
customerwill never get served,even though the server
is busy allthe time. This situation is illustrated in Fig­
ures 2 and 3.

The ratioofaverage service time, Ils, to average
interarrival time, Ila, is called traffic intensity, a term from
telephoneswitching, whichfigured strongly in the early

andconsumption (bythe next stage) are matchedover
short time periods-typically a few minutes to a day.
Implicit inlIT, and essential to it, is the continuing proper
utilization ofthe business' resources.To achieve both
synchronous operation and high utilization is a formidable
goal, attainedby systematically finding and eliminating
excess,waste, and variation. To pursue this goal, priori­
ties are set by the problemsthat most disrupt synchro­
nousoperation, or that have the most adverseeconomic
effects, e.g., lowyield. This is the lIT paradigm.

Variation and Manufacturing Interval
Understanding variability is the key to under­

standingwhat needs to be improved. Thus, wewill look
more closely at variation, particularly in interarrival
timesat workcenters, and in servicetimes: howto meas­
ure variation, its causes, and its influence on interval.

Measures of Variation. Before proceeding, we need
precisemeasures ofvariation. We will use standard devi­
ation and coefficient ofvariation. Standarddeviation, com­
monly denoted o (sigma), is a measure ofhowa proba­
bility densityfunction-showing the relative frequency
ofoccurrenceofdifferent values-is distributedaround
the mean. Widerdensityfunctions havehigher standard
deviations (see Figure 1).Standarddeviation has the
same dimensional units as the quantityunder discussion.
The square ofthe standard deviation, (}"2, is called the
variance.

The ratioof the standard deviation to the mean
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Figure 2. Single server service facility.
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the previousone is done, and have to wait. Dependingon
when the next customer arrives, there maybe a waitfor
both the customer being served and the one already
waiting. Thus, a queue begins to form.

As long as traffic intensity is less than one, the
queue is stable and the average waiting time is finite,
though both queue length and waiting time vary. Clearly,
queuing is more severe the closer the traffic intensity is
to one, and the greater the variation in interarrival times.
Analyzing a single-serverfacility withgeneral indepen­
dent arrivalsand general service time gives the average
interval.Tr'

- IJsP d +c;
T :::: IJs + k T-=-P 2

where k is a factor in the range [0,11 involving higher
order terms in P,d, and ef;k« 1 onlyfor relatively low
traffic intensityor variation, where:

Figure 4. Time in the facility, general independent arrivals.

developmentof queuing theory. Traffic intensity ranges
between zero and one, and is denoted by P (rho):
P=IJs/IJa' It measures how busy the server is;when
P=1, the server is always busy. Figure 3 depicts average
total time in the facility-waiting plus service time­
versus traffic intensity.

Now, we relax the assumption that interarrival
times are constant, and allow them to vary slightly. If IJs
were 3 minutes, and interarrival times varied between 59
and 60 minutes, we would not expect any waiting, despite
the variation, because one customer would always com­
plete wellbefore the arrivalof the next. Traffic intensity
would be P :::: 3/60=0.05. Now, let the interarrival time
decrease as traffic picks up, so the interarrival times vary
between 2.5 minutes and 3.5 minutes, with an average
interarrivaltime, IJa, of3.3 minutes.Thus, p=3/3.3=
0.91 < 1;but obviously, some customers arrive before
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(
2 ]_ - 2 1 - p) (1 - Ca ) 2 .

k - exp 3 (2 2 ) , Ca~ 1,
P ca+cs

and:

[ 2]-(1- p)(Ca -1) 2
k=exp 2 2 ,Ca ~1.ca+4cs

1'/IJs versus p is shown in Figure 4; successive curves
are for successivelyhigher values ofd=c;, the squared
coefficient ofvariation of the arrivaland service
processes:

2
2 aa

Ca=z'
IJa

where a~ and af are the variances of interarrival and ser­
vice times, respectively. The second term in the equation



forT is the waiting time. Notice waiting time is nearlypro­
portional to the averageofd and cf;we will use this fact
extensively throughout this articleas we study the rela­
tionship betweendelayand different causes ofvariation.

Variation in servicetime has the same effect as
variation in interarrival times.To minimize congestion, it
is as importantto controlvariation in the serviceprocess
as in the arrival process.

The abrupt increase inT for traffic intensities
above 0.8 to 0.9suggests that, in the presence ofvaria­
tion, 10to 20percent excess capacity is needed to pre­
ventcongestion. This supports the popularidea that
excesscapacity is required for]IT.

We have spoken ofinterval and congestion as
thoughthey were interchangeable. We will nowformal­
ize this relationship.

Interval and Inventory: Little's Law. We have dis­
cussedinterval in a queue-service time pluswaiting
time-but havesaid littleabout how many customers are
waiting. Everyday experience suggests that the longer
the queue, the longer the wait, and that ifservicetime is
less,the queue moves more quickly. This intuition is for­
mulated as Little's Law:

where1is the average inventory or length ofthe queue.
This relationship involves averages of interval, interar­
rival times, and inventory in steady-state conditions, and
was shownby]. D. C. Little in 1961 to hold for most
queuing networks. 6

Little's Law tells us to view a complex factory
network as a box, and,withoutknowing anythingabout
whatis happeninginside it, to determine the average
number ofunits inside the box ifwe knowonly the aver­
age interarrival time and the average time each customer
spends in it.

For the special case ofFigure 4, whered =cf = 1
(which pertainwhen arrivals in non-overlapping intervals

are independent, and servicetimes are exponentially dis­
tributed),

- /ls
T=-l-'- p

Equating this withT in Little's Law, for this special case
we obtainthe dependenceofaverage inventory on
traffic intensity:

I=-P­
1 - p '

BecauseLittle's Law dealswithsteady-state
conditions, the averageinventory does not change, so
the averagetime betweendepartures must be the same
as the averageinterarrival time.

Acommon error in using Little's Law is to
assume the timebetweendepartures is the service time.
This is not generally correct; the servers maybe idle at
times because oflowtraffic intensity or variation in the
arrival process.The same interval and inventory could
result if the service time is longerand nearly constant
withhigher traffic intensity, or shorter and highlyerratic
withlower traffic intensity. Little's Law will not tellus
whathappens insidethe box. It tellsus the average num­
ber ofcustomers inside, the averagetime they spend
there, and the averagetimebetweenarrivals. It also tells
us is that, if the average timebetweenunitsproduced, /la,
is constant-that is, if steady-state conditions prevail-the
averageinterval is proportional to the average inventory.
In steady-state conditions, if we know anytwoofthe
three variables T, /la, andI, we can calculate the third.

Common Sources and Effects of Variation. We have
said that variation leads to queuing, delays, and excess
inventory. We now lookat common situations in a fac­
tory that lead to variation, and estimatetheir relative
importance by comparing the valuesofc2 they produce,
since waiting time tends to be almostproportional to c2•
This helps in concentrating our efforts to reduce inter-
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variance of interarrival time, and its squared coefficient
ofvariation for the Poisson process, are:

_1__

b - a

1
t

1 -I:
p(t)= "Ie ,t~O

0, i-»

vals. We will look at five situations:
- Random independent arrivals
- Random arrivals with uniformly distributed factory load
- Intermittent operation
- Yield losses
- Batching.

Random Independent Arrivals-Poisson Process. Some
arrivalprocesses can be modeled by assuming that
arrivalsoccurring in non-overlapping intervalsare statist­
ically independent, and that the probability of an arrival
in a small intervalis proportional to the length of the
interval. Customers arrivingindependently (as opposed
to batched or according to a predetermined regular pat­
tern) at an on-demand service facility (e.g., telephone
switch,toll booth, on-demand warehouse, restaurant)
might be modeled this way. This is a Poisson process; the
times between successive arrivals (first-order interarrival
times) are exponentially distributed:

Figure 5. Uniform probability density function.

L 1 (b )2o -12 -a ,andb + a
/l=-2-'

where 11 (eta) is the maximum fractional deviation from
the mean. Because 0 s a < b (negative demands are
disallowed), the worst case is when a=0; then c2 =1/3.
For example, ifweekly demand is uniformly distributed
between 400 and 600 units, the squared coefficient of
variation of the weekly demand would be:

The Poisson process will be the benchmark against
which to compare other situations.

Random Arrivals-Uniform Distribution. The uniform
distribution model reflectssome smoothingofdemand
by productioncontrol departments to help level factory
load.Through the Sales, Inventory, and Production Plan­
ning (SIPP) process, the business strives to harmonize
order projections, inventory levels, and production plans,
and to produce a loadfor the factory that is as constant
as possible, subject to customer orders. The SIPP process
might result in a load,described in units, being
established each week, but varyingfromweek to week
between a minimum, a, and maximum, b, so it can be
modeledby a uniform probability densityfunction (see
Figure 5).The statisticsof the uniform distribution are:

nbao

38

where p (t) is the probability density for the interarrival
time, t, and A(lambda) is a parameter.The mean and

2 2

2=l [600-400] =l [l] =~=0.013
Cd 3 600+400 3 5 75
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Figure 6. Intermittent
operation.

When production control imposes a weekly
quantityon the factory, the implication is that, at the
starting point of manufacture, the interarrival times for
the units in the week's load are the same; any variationin
starting intervals is introduced by the shop. If the shop
works 5 hours per week to produce a weeklydemand of
dunits, the interarrival times for the week are t=51d, i.e.,
t will vary from week to week in inverse proportion to the
demand. For small 11, then, c2 for interarrival times can
be approximated by c2 for the demand: d :::: ca,l1 « 1.
Where a=400 and b=600 (11=±20% variationaround the
mean), then d :::: ca =1/75. Production control will have
reduced the variationby a factor of 75, if the underlying
demand process was Poisson. Production control has
effectively smoothed, or averaged, the underlying
demand to get this reduction.

Though plus or minus 20 percent swings in load
could reduce congestion compared to Poisson, the
required swings in capacitywouldprobablybe hard to
manage, and capacityutilization wouldbe poor. Experi­
ence suggests that factories can tolerate up to about 10
percent overallfluctuation in the week-to-week load (plus
or minus 5 percent). More than this affectsthe factory
staffing level, overtime required, and labor efficiency,
because the number of employees needed in a given
week is proportionalto weeklyload.A plus or minus 5

Time

percent load fluctuation impliesa factory tolerance level
ofd = 1/1200, or 1,200 times less than Poisson. If the
factorydid not add significant variation, operating con­
sistently at this levelofvariationwould result in unusu­
allylowcongestion-even at high traffic intensities-and
factoryperformance would be considered world-class by
any standard.

Production control and the SIPPprocess often
can come close to providing this high levelof stability in
factory load. However, most of the expected advantagein
obtaining short intervalsand lowinventory often is lost
because ofvariationin the factoryitself.

Intermittent Operation. Machines break down, or
are taken out of service for setup, maintenanceor other
purposes. The case where this happens periodically is
shown in Figure 6, where 8 (delta) is the dutycycle, or
fraction of running time, 8=Toni (Ton + Toff), ts is the
machine time per unit, and N is the number of units pro­
duced between shutdowns, N = Tonlt s- The statistics for
this service process are:

c;=(N - 1) (l - 8)2.
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Intermittentoperation not onlyintroducesvaria­
tion,but because workhas to wait, it also effectively
increases the average service time,and hence traffic
intensity, thus doubly increasing interval and inventory.
For example, machines that are down 10percent of the
time would have 8=0.9, and would giveaverageservice
time u, =1.11t s- an 11 percent increase. If we have 500
units per week to run with forty hour workweeks and
ts =4 minutes, the machinewould be busy with
p=33.33/36=.93 if8=.9. If the downperiod occurred
after every unit,N =1, it would last about 29seconds, and
then c1 =0, because we have assumed t, to be constant. If
the down period occurred once everyday, it would last
48 minutes, and then c1 =. 99, about the same as Poisson.
If the down period occurred once every two weeks, it
would last eight hours, and then c1 =9.9. Evidently,
shorter, more frequent outages are preferable; it is better
to maintain a machinea few minutes per day, than to
save up maintenance items and shut it down for a day
every two weeks.

It is commonin manyfactories to run machines
intermittently with high excess capacity. For example, a
machinecapableof 100 parts per hour would be run only
5 hours per week if the weekly demand were 500. If this
were all done at once in a 40hour week,we would have
8=5/40= 1/8=0.125, and ef =382-much worse than
Poisson.

Part shortages and yield losses create intermit­
tent operation, with results similarto those previously
described. In a multistage manufacturing line, these
effects accumulate going down the line, exacerbatingthe
overall result.

Yield Losses. There is nothinggood about low
yields. Notonlyare there obvious economic losses from
scrap and rework, but manyproblemsare introduced
into the queuing processes when yieldsare low. These
include:
- Increased variation in product flow
- Increased traffic intensity resulting fromthe loss of

capacity
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- Overproduction
- Degraded serviceperformance
- Disruption ofdownstream processes requiringthe low

yield part.
The problemsare least severe in repetitively manufactur­
ing a single product,where moderately good yieldsare
easily accommodated inlIT. In alIT environment where
severaldifferent products or productvariantsare
manufactured in a workcenter (called mixed-model
manufacturing) such yieldsare more problematic, but
can stillbe accommodated without too much difficulty.
However, low yieldsand some failure mechanisms, such
as whole lots being destroyedat once, can disable lIT in
mixed-model environments.

The most obvious effect of lowyield is output
stream gaps, creating downstream interarrival times
similar to intermittentoperation with 8=yield and
N =1/(1 - yield).To offset the losses, it is common to
anticipate them and start additional units to ensure hav­
ing enough good product to meet demand; but this
increases traffic intensity. We will examine howa mixed­
modellIT process mightcompensatefor imperfect yields.

Aprocess that causes randomfailures to occur
independently to any unitwithprobability (l - yield) is
calleda Bernoulli process. Letus assume a mixed-model
process witheach modelhavingstarting lot size n. Let
the probability a unit is good be p, and the expected
number ofgood units be E. The statisticsof this Ber­
noulli process are:

2E=np and o =np(l - P)

2 1 - Pc =--np .

Note that yield-p, and increasingstarts, n, by a factor of
1/pon average results in n good units out-but traffic
intensityis also increasedby the same factor, unless
offsetby increased capacity.

If one product is made continuously, and ifade-



Table I. Yield and overproduction
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where cr is the squared coefficient ofvariation of the
time betweenbatches. For example, ifthe 500 units per
weekwere processed in daily batches of 100 units,
d =100 - 1=99, even ifcr =0. This is over 100,000 times
the d the factory might attainthrough production
control's efforts to limitthe factory loadvariation to plus
or minus 5 percent. Batchingexacts enormous penalties
in variation, interval, and inventory. It is the greatest sin­
gle cause of long intervals.

Lotsizes oftenare significantly greater than the
current demandfor a particular product, causingthe
excess production to be stored. While a larger-than­
needed batch is being produced, other urgentlyneeded
products maybe waiting for machinetime.These factors

model IS mfrequent, the holdmgtime for the overproduc­
tion maybe long; if the demand is not repetitive, the
overproduction is waste, leadingto a direct trade-off for
custom productsbetweenfast, make-it-all-at-once service,
and cost, unless yieldsare improved.

Batching. It is commonplace in discrete manufac­
turing to group units intoa lot and batch-process them at
each operation. If the number of units in a batch is n,we
model the batchingprocess as one arrival with interval t,
where t is the time betweenbatches, followed immedi­
atelyby n - 1arrivals withzero interarrival time. If the
averagetime betweenbatches ist, then:

2 2ca=n(l + Ct) - 1,

quate bufferstock is maintained to compensatefor the
variation in output, this strategy will work well enough to
givesatisfactory service performance. However, in a
mixed-rnodel jrr environment, a product is usually made in
small lots, with other models. Each lot must fulfill a just­
in-time requirement, ideally withlittleor no bufferstock.

InlIT, a reliable supply ofproduct is important. If
a lot of size n=m/p is started, the probability ofat least
m good output units is about 50percent. If we need at
least m with 99+ percent probability for good service per­
formance, we will need to start more. But then we will
expect to get more good units on average, so we will be
overproducing and savingthe surplus for the next order.
How many more units to start depends on the shape of
the probability distribution ofyield, and the cost of over­
production. The larger the variance of the yield distribu­
tion, the more starts are required to be confidentof
obtainingat least m good units; larger yieldvariance is
oftenthe result of systematicfailures, e.g., resulting from
processing errors that destroy manyunits at once, and
that are not Bernoulli.

We can speak ofan effective yield equal to m/n,
for a givenprobability we will get at least m good. Start­
ing n will result in expected overproduction ofnp - m
units, or (np - m)/m percent.This process is sensitive
to both yieldand lot size. For a givenserviceperfor­
mance,the overproduction percentage is greater, and
effective yield is lower, the lowerthe averageyield and
the smaller the lot size. This is illustrated inTable 1 for
0.99+ serviceperformanceand a case where individual
failures are statistically independent (Bernoulli process).

Effective
yield Overproduction

111 p II (.99+) units %

1 0.900 2 0.500 1.0 100.0
5 0.900 9 0.556 4.0 80.0

20 0.900 28 0.714 5.2 26.0

25 0.900 34 0.735 5.6 22.4
25 0.800 41 0.610 7.8 31.2 ForlIT, it is better to overproduce on a lot-by-lot
25 0.700 50 0.500 10.0 40.0 basis than start too few units and expedite replacement
25 0.600 61 0.410 11.6 46.4 units when shortages occur.The overproduction does
25 0.500 77 0.325 13.5 54.0 not accumulate because we use it up beforemaking

50 0.900 64 0.781 7.6 15.2
more. Disruptions and additional variation in the down-
stream processes caused by the shortages maybe a

200 0.900 238 0.840 14.2 7.1 greater problemthan the excess production required for
1000 0.900 1145 0.873 30.5 3.1 ]IT operation with imperfect yields. If demandfor a given
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complicate production controland material handlingpro­
cedures, further aggravating the congestion caused by
batching.

The usual reasons for batchingare to attainrea­
sonableuse ofmachinesdespite lengthysetup pro­
cedures, and to minimize transportation costs.There are
severalmitigating actionsthe factory can take when
implementing lIT:
- Reduce the need for setups by increasingcommon

tooling and component usage in productdesign, and
by usingflexible manufacturing equipment.

- Do more setups to reduce manufacturing lot sizes-the
amount producedbetweensetups-to the smallest
valuesconsistentwithavailable capacity. Limits to this
process are discussed below.

- Reduce setup times to permitmore setups and smaller
manufacturing lot sizes.

- Put the operations close together, matching the closer
distancewithsmaller, more frequent pickups. This
also aids communication betweenworkareas, helping
them better achieve synchronized operations.

- Establish a transport lot size-the amountmoved
together from operation to operation-considerably
smallerthan the manufacturing lot size.

- Process and transport together different items used in
matched sets.

Many operators consider setups arduous, exact­
ing,and unpleasant, so there is an aversion to doing
them; this feeling must be dealtwith in anyeffective
setup-reduction program. Where manysetups are
needed, as in flexible manufacturing cells, the operator's
view of the job is that he or she manufactures setups.
Thus, the setup process must be made routine, even
automated, and mustbe reliable. Agreat dealofsetup
time-and scrap-is wasted in proving-in and adjusting
setups because they were not right the first time.

Summary. We have looked at severalcauses of
variation, comparedtheir relative magnitudes, and have
seen that, by averaging demand, it is possible to reduce
the variation fromindependentrandomcustomer arriv-
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also We havealso seen that severalcommon manufactur­
ing operations practicesvirtually nullify these efforts of
production control, and that batchingand disruptions
from intermittent operations andyield losses are leading
causes ofvariation. We have seen that it is sometimes
possible to compensate for imperfect yieldsby calculated
overproduction to attainreliable lIT operation. Wealso
observethat the most important factors related to varia­
tionare under the controloffactory personnel, not pro­
duction controlor the customers.

Setup Time, Interval, and Manufacturing Lot Size. The
real benefitsoflowersetup time are that batch sizescan
be reduced withoutincreasingtraffic intensity, and that
scrap, rework, and delays frombad setups can be
reduced.

It is arrrclichethat a lot size of 1 is ideal. But
howfar do we need to go to get the benefitsofsmaller
lots? What setups shouldwe try to improve first? These
are the questionsaddressed in this section. Wewill not
coverspecific setup reduction techniques; there is sub­
stantialliterature and trainingmaterial on the subject. 7

How Far Should Lot Size Be Reduced? The ideal
manufacturing-lot size is the amountrequested by the
customerat one time. The idealtransport-lot size
through a multistage manufacturing process is one unit.
We will explore next the practical issues ofmanufactur­
ing lot sizingand setup times.

How Far Can Lot Size Be Reduced? Machine setupcan
be divided into internal and external phases.The internal
setup refers to when the machine must be shut down;
externalsetup includesactivities that can be doneoff-line
while the machine is runningeither the previous or the
newpart. In the contextof this article, reducingsetup
times means reducinginternalsetup times. Wewill find
the optimum setup time and lot sizecombination to
minimize interval at a workcenter.

Setupsuse machine capacity to the extentof the
internalsetup time. Externalsetups add cost,but do not
directly affect capacity. Internalsetup time is part ofthe
averageservicetime ofthe facility; thus, increasing the
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dimensionless parameters,y (gamma), and p':
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I r , T y
p =-=-

/-la T'
and

.y
y=-·s

Notethat for a fixed setup time,y is proportional to t r­

the run time per lot. Hence, y is proportional to lot size,
because it is assumed that the run time per unit is the
same for allunits in a lot of identical units.The parame­
ter p' is calledthe utilization and is the fraction ofavail­
able time spent running. Utilization is also the traffic
intensity we would have ifsetup time were zero (.s =0).

The average interval ofa lot through the work­
center, T, is shownin Figure 4.The equation for Figure 4
for the special case of Poissonarrival and exponential
serviceprocesses, d =c; =1, is:

- /-lsT=-­1 - p '

numberof setups per week increases average service
time for the week's demand, thereby increasingtraffic
intensity. Because traffic intensitymust be kept some­
whatbelow 1 to preventcongestion, the number of set­
ups wecan performis limited unless time per setup is
reduced.

Consideringonlythe effective time,T, that a
machineis available for performingsetups and running
productduring a workweek, it is required that:

whereT r is the total run time for the week's demand,
andTs is the total time spent doing setups during the
week. For a fixed weekly demand, neither T norT r

changes as either the number of setups or the time per
setup changes. However, T, =S.s, where S is the number
of setups per week, and .s is the internal time per setup,
ifwe definea lot to be the amount produced between set­
ups, r r to be the run time per lot, and /-la to be the aver­
age time between lots, then the above expression
reduces to the definition of p givenearlier:

S.y+S.s .y+.s u,
=--=-

S/-la /-la /-la
/-lsp=-,
/-la

The internal time per setup must satisfy the inequality:

T T y·s < S - S=/-la-.y,

we can substitute for p in the above equation forT,

p=p/(l+l)
y

for the optimumtarget lot size to be feasible. This is
equivalent to requiring /-ls < /-la'

Aswe saw in Figure 4,we must staywell below
p= 1 to avoid congestionwhen there is variation, so we
would like to develop a usefulguidelinefor howmuch
setup time, or lot sizes, or both, should be changed, to
minimize average interval ofa lot through a workcenter,
T. To study this question,we first introduce twonew

to obtain

T l+y

·s I- p/_L
y

This is graphed in Figure 7.
Notice that for a givenutilization and setup time,
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Throughput time V5. run time in an M/M/1 queue

400 , 'rp = - = 0.9
1J5

shouldbe on the side ofa too-large lot size (y :2: Yo),
because congestion increasesabruptly forvalues ofy
less than Yo' Usingthis criterionas our guideline, wefind
the ratioofsetup time to run time per lot must satisfy the
following inequality:

300

T,,=T, [iX -1 =-'IT, - T,.

.s 1-::::; ---1.
t , q

The optimum relationship betweensetup and run time
occurs at the pointofequality. The optimum total time
per week spent setting up.T so' is:

25
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Figure 7. Effect of setup time and lot size on time in the
facility.

there is a value ofy-and therefore lot size-that gives
minimum interval. This optimum value ofgamma, Yo,
occurs when:

1 1
-=- -1
Yo q

Values ofy less than Yo result in greater intervals from
increasedtraffic intensity caused by too manysetups.
Greater intervals at valuesgreater than Yo are caused by
the extra delayofa lot size that is too large.At y=Yo, the
lot size is more than twice the lot size that would make
p=1,providing some marginfor variation. To optimize,
we determine the changes in setup times and lot sizes
required to make y=Yo' Any deviation fromthis optimum

We wishto find a newsetup time, .so, and a newnumber
ofsetups per week,S 0' such that T so =So t so. This is
done by changingeither the number of setups per week
(i.e., the manufacturing lot size),or the timeper setup,
or both.Any combination of lot sizeand setup time such
that S.s=Tso will result in traffic intensity p=q=
-VTrlT; under this condition, the interval, T, is propor­
tional to setup time, .S'

Suppose a shop producesa variety ofparts for
an average of 500units per week, and that the average
usage is about25units. Our manufacturing lot sizetar­
get is thus decidedas 25units, implying an average of
20lots per week. Suppose the total run time ofallparts
processedby a particular machine averages31hours a
week, and that the machine is available 36hours a week
for runs and setups.To find the maximum allowable set­
up time,we first determinethe utilization ofthe machine
to be p' =31/36=0.86, giving Yo =12.8. The maximum
allowable average internalsetup timefor each ofthe 20
lots is then determinedto be:
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Figure 8. Production System (without forecasts).

didt=P(t) - u(t)=e(t).

s(t)
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BufferShop

that average inventory should be 30 i, so less than 1 per­
cent of the time would there be no stock when a demand
arrives (i.e., a stockout). Inventory would then be
expectedto fluctuate betweenzero and 60 i. If a lower
probability of stockoutwere required, the average would
be set to a higher multiple than 30 i- More inventory
than this is unnecessary.

We will discuss bufferbehavior, the need to con­
trol buffers, howthis controlmight be obtained, and
proper buffersize. For simplicity, the theory will be
explained in terms of stationary processes;however, it
can be extended to non-stationary processes.

Dynamics of Buffers. Buffers are controlled by con­
trolling their input and output. In Figure 8,p(t) is the
production stream, in units per unit of time; u (t) is the
usage stream;and i (t) is the inventory, in units, in the
buffer. These are assumed to fluctuate overtime. The
difference between the rate productflows into the buffer
and the rate at which it leavesthe bufferis the rate of
change ofbufferinventory, in units per unit time. We call
this difference the error (or mismatch), and denote it by
e(t). Stated mathematically, this material balancecondi­
tion is:

Buffers
A buffer is a stock of inventory used to match un­

equal product flows. All inventory in the system is either
at a work station, in transit, or in a buffer. Because most
inventory is usually in the buffers, JIT might be viewed as
the practiceof managingbuffers. Buffers can range from
a single unit between two adjacentworkstations, to an
entire warehouse.The size ofa bufferis determined
more by the synchronization mismatch between produc­
tion and usage than by the level of production or usage.

To estimate the averagebufferinventory needed
for good service performance, we first estimate the vari­
ance ofbuffer inventory, 0T, and then use the criterion

31 [1 I's :0; 20 _~ -1 = 0.1214hours,
'J 0.86

or just over 7 minutes. With this valuefor 's, traffic inten­
sitywould be p=n6 =.93, and the average interval for a
lot would be r =23 hours, or just under three working
days, assuming that d =ct =1 for the lots; the average
inventory of lots in process is1=Yo =12.8under this
assumption. If the actualc2 ' s are less, the interval would
be less-as littleas 1.67 hours (the lot service time) if
there were no variation in lot interarrival or service
times. If the service times were always the same, but the
lot arrival process was Poisson, the interval would be
12.7 hours. Ifthere were no setup time, and no variation,
the interval would be reduced to the service time for one
unit,or 3 minutes 43seconds, and 1.55 hours would be
required to accumulate 25 units.The setup time and vari­
ation in this example have increased the interval at this
workstation by a factorof371 over single unit produc­
tion, mostly attributable to variation.

What Setups To Reduce First? Generally, a setup
reduction programfirst addresses machines havingthe
greatest traffic intensityat the target manufacturing lot
size. Certainly all machineswhere traffic intensitywould
be greater than 1at the target lotsizemustbe addressed.
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E1P(t) I=Elu(t) I.

Figure 9. Autocorrelation of e( t) =p( t) - u( t) in Figure 8,
h( t) =constant delay, u( t) =Poisson process.

Notethat autocorrelation functions ofreal processesare

cc

crr=- f l t l Ree('t) di:

whereRee (r) is the autocorrelation function ofe(t),
defined as the expected value ofthe producte(t + t) e(t).
The condition E lP (t) I=E Iu (t) I is necessarybut not
sufficient for R ee ( r) to integrate to zero,so this second
condition includes the first, but is stronger.

Autocorrelation dealswith timing differences
between the buffer inputand outputstreams. It meas­
ures the correlation ofthe value ofe(t) at anytime, t,
withits value at a different time, t + 'to Ree (0) is the
expected value ofe2, called the mean square value, or
average power ofe(t) (from electrical engineering appli­
cations ofthe theory),and is always positive. Also, the
maximum value ofR ee ( t) always occursat 't =O. With
these general properties ofautocorrelation functions in
mind we inferfrom this secondcondition that, since
R (~) must integrateto zero,for every fluctuation in
e(t) (upor down), there must occurat other time(s)
other not entirely random, offsetting fluctuations in the
oppo~ite direction-negatively correlated withthe initial
fluctuation-to preventrandomfluctuations from accu­
mulating indefinitely. .

Figure9 showsthe R ee ( t) for the systemofFig­
ure 8,where demandis a Poisson process, the manufac­
turing interval is a constantdelay, and factory starts are
the average demandoverthe previous a timeunits. The
negative correlations beginning at timer = T represent the
reactions ofthe system, changingthe buffer replenish­
ment rate startingat timeTaftera demandfluctuation­
withdrawal and replenishment being negatively corre­
lated because they affect inventory oppositely.

, WhenRee ( r) integratesto zero, the variance of
buffer inventory is:

T T + a

R ee ( l ) /
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For the average inventory to be finite, then, the average
ofthe buffer inputstream must equalthe average ofthe
outputstream.However, becausewe are interestedin
controlling inventory fluctuations as well as average
value, average control alone is inadequate. It can be
shownthat, to preventinfinite fluctuations in buffer
inventory, a stronger condition is necessary:

The buffer inventory is a function whoserate of
change is e(t). Negative valuesof i (t) are interpreted as
a back-scheduled quantity. For the average buffer inven­
tory to be finite, the average ofe(t) must be zero; that is,
EIe(t) I=Ile =0 (EI I means expected value, or average/.
Because e=p - u,weconclude that a necessarycondi­
tionfor average buffer inventory to be finite is:
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always even, i.e., Ree (r) =Ree (-.). To use an analogy
from mechanics, ifR ee ( r) were seen as two mass distri­
butions, one on the +. axis and the other symmetrically
disposed on the - t axis, then of would be the distance
betweenthe centers ofgravity of these two mass distri­
butions (see Figure 9).The widerR ee ( t) is, the larger is
of, i.e., the longer the times between a fluctuation ine
and its negatively correlated offsetting fluctuation(s), the
larger is of, and the greater the inventory required.This
has very important implications on the design ofcontrols
for integrated production and distribution systems, par­
ticularly with respect to needed temporalcoupling
betweendistribution center activity and factory activity.

To minimize inventory, the production system
must operate to minimize the widthofR ee ( t). Minimiz­
ing inventory is desirable,but is not the control system's
onlydesign objective. To maximize utilization and factory
efficiency, the control system and its bufferare also
designed to controlfluctuations in factory load. To
achieve both objectives, it is necessary to minimize both
the manufacturing interval and its variance. Systemswith
these characteristics have much in commonwithservo­
mechanism control systems."

In summary, the response ofa successfuljrt pro­
duction and distribution system to a random demand is
not random,but is closelycorrelated in time to even
smallfluctuations in demand. Dominant time constants
in the response are often the average manufacturing
interval, and the standard deviation of manufacturing
interval. Just as in driving a car one makes frequent,
small, immediate steering corrections to stay on track, so
it is withanr system-which also must produce a
smooth ride whilefollowing an often tortuous course.

Factory Buffers. Small buffers-between two adja­
cent work stations,or betweenfeeder shops in the
factory-usually are controlled inlIT by limiting their
contents to a predetermined maximum value, and briefly
interruptingproductioninto the buffer, p(t), until the
usage has brought the bufferinventory belowthe limit.
Conversely, production rates are increased as needed to

preventstockouts.This operation is known as a pull sys­
tem because production is controlled by withdrawing, or
pulling, product from the buffers. The pull systemforces
the averageproduction rate to equal the averageusage
rate on a fairly short time scale,and positively limits
inventory variance by forcing correlation betweenpro­
ductionand usage.

Twofundamentally different kinds of in-process
buffersexist: single- and multiproduct. In single-product
systems, there is a bufferfor every part, controlled only
by demand for that part.This is the simplestsystemto
operate.But it is difficult to change (becauseofthe num­
ber of parts usually involved) if the level ofproduction
changes. Ofthe twosystems, the single-product system
usually has the higher total inventory, because an inven­
tory ofeach part is always maintained.

Multiproduct buffering requires one bufferper
operation or workcenter. The buffercontains, in a
specified order, a mixof the products producedin the
sequence it is expected they will be used. Only parts
needed in the next few minutesor hours are stored in
the buffer, not allparts producedby the shop. Multipro­
duct buffering requires an information systemto send a
common production sequence to allfeeders and the
final-assembly shop. It requires greater shop discipline in
stickingto the sequence-through better quality control,
more reliable machines, and more disciplined manage­
ment. It also requires fewer raw material shortages. Mul­
tiproductbuffersadapt themselvesto changes in product
mix, and naturally support mixed-model manufacturing
in a flexible manufacturing cell.

Single-product buffering is appropriate when the
number ofdifferent parts is not too large,when they are
not used together in sets, or when shop conditions will not
yet support multiproduct buffering. Witha highlyvolatile
product mix, or when severalparts are used together in
sets, multiproduct buffering and production controlkeep
the parts together through the cell to their pointof use in
the required order, and with minimal inventory.

Kanbans. Visual sensing ofbufferlimits is com-
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mono That is, the buffers are locatednear (or at) the
workstations that feed them.The operatorwatchesthe
pile to see that it does not get too high or too low, thus
matching his or her ownoperation rate to the next
operation.

This approach was developed byTaiichi Ohno
and ShigeoShingoofToyotaMotorCompany in the
1970s.9 The visual signalsare calledkanban in
Japanese.When dealingwithfeeder shops where the
inventory is not allvisible, kanban cards are surrogates
for storage locations in the buffer. Akanban card will
typically be imprinted withthe part number, lot size,
reorder point, producing location, using location, and a
kanban serialnumber.The bufferitselfis distributed
throughout the production system, because the cards
remain attached to the work in process until it is
finished and used for its intended purpose. An unat­
tached kanbancard is equivalent to an emptyslot in a
buffer. It is interpreted as a manufacturing order to
builda stated quantity ofthe item,and then take it to
the indicated location.

There are severalvariations ofkanban sys­
terns.'? Apopular one leavesthe card attached to a
material handlingfixture, e.g., a cart or tub. When the
finished parts are used, the emptycarts are returned
to the feeder shop bufferand are exchangedfor a full
cart.The emptycart in a feeder shop bufferis an order
to producemore, as indicated by the card attached to
the cart.

Pull System Rules. The rules for operatinga pull
system are few and simple:
1. Finishedproduct is kept within visual contactofthe

producer wheneverpossible.
2. The producer ownsthe finished productuntil it is

claimed by the customer, i.e., the next operation.
3. The customergets what is wanted when it is wanted,

carryinglight loads and makingfrequent trips.
4. The producer is responsible for packaging product

in the agreed way.
5. The customer is responsible for transportation, and
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for recordingthe transfers when necessary.
6. The producer must never let the customer run out of

product, nor allow the inventory to growbeyond estab­
lished limits.

7. The aimofthe entire process is to run at a steadyrate,
alloperations together.

Sizing Small Buffers. Appropriate sizes for small
buffers are usually determinedby observation; for new
facilities, simulation modeling is sometimes used.When
installing JIT, an initial buffer size is selected, based both
on experience withand estimatesofthe expecteddura­
tionofasynchronous disruptions betweenbuffer produc­
tionand usage streams, and on the amountofproducton
hand when the pullsystem starts.To avoid starving the
next operation, the buffermust contain enough to supply
it for the durationof"normal" disruptions experienced
by the system; be reasonable, and do not overdesign the
buffersizes for catastrophes.

To see if the buffersize is correct,a chart of
buffer contents is maintained next to it.The person mak­
ing a withdrawal marks on the chart the numberofcon­
tainers ofproduct that remainin the buffer. Overa few
daysor weeks,this record showsthe range offluctua­
tions in the buffer. If the minimum buffercontentsare
greater than zero, the buffersizecan usually be reduced
by that minimum amount, so the future expected
minimum is (occasionally) zero.The chart is alsohelpful
in spottingopportunities to improve and reduce varia­
tion, ifproximate causes ofthe peaks and dipsshown are
also noted on the chart for regular review by the shop
quality team.

Buffer Placement. Factory output is limited by the
outputof the bottleneckoperation in each productline.
The bottleneckis the mostheavily utilized operation.
Other operations can catch up to some extent if inter­
rupted,but the bottleneckis limited. It is critical that ade­
quate inventory be kept in frontof the bottlenecks so
they are not starvedby normalupstreamdisruptions. In
some businesses, the bottleneckis in responding promptly
to customerdemand; thus, adequatebufferinventory in



the bottleneckdistribution system is required. In other
cases, no finished goods stock is required because every­
thing is made to order, and the bottleneckis in the fac­
tory. "Bottleneck" is not pejorative; the term connotes
an operation whose smooth,continuous operation is
critical to profitable operations. It is easiest to run the
factory when there is a clearlyidentified bottleneck,
which is then exploited to its maximum potential. 11.12
As a rule, 1/3 to 1/2 the work in process in a well-run
factory should be in frontof the bottleneck.

Factory Loading and Flexibility
Good resource utilization is essential to suc­

cessful manufacturing operations. High utilization of
resources means achieving low variation in their appli­
cation, fromhour to hour during the workday. This is
particularly critical with regard to the factory labor
force. High utilization is obtained by smoothingthe
workload and building flexibility into the resources.

Flexibility means that resources have multiple
applications. A measure of flexibility is the number of
independentdemands per week the factory can pro­
duce independently. We nowexamine the questionof
obtaining a level factory loadwhen implementing lIT.
This brings us to closure on the execution problem, as
we see againthat following the lIT paradigm leads us in
the right direction.

Transforming a variable market demand intoa
smoothfactory loadunavoidably requires smoothing
timeand inventory holdingtime. The alternative is
accepting a higher level ofvariation in factory load, and
anyimplied inefficiencies. The task is to find the best
compromise betweeninherent fluctuations ofthe
market and the order interval the market will allow, on
one hand, and the factory's flexibility and the amountof
finished inventory held, on the other. In anycase,
minimizing manufacturing interval and maximizing
flexibility are beneficial.

Stabilizing the Workload. Earlierwe discussed that
stabilizing factory load to about plusor minus5 percent

is desirable from the viewpoint ofbest utilizing the work­
force. Wealso sawthat this implied a coefficient ofvaria­
tion in the arrival process at the start ofmanufacture of
d ::; 1/1200. Here weexamine alternatives foreffective
workload smoothing, and the rationale for the flexible
factory.

If demand is a Poisson processwith average rate
A.; if the manufacturing interval is invariably T; and iffac­
tory loadis obtained by averaging the demandoverthe
most recent time perioda, as in Figure8, then it can be
shown, using the autocorrelation method discussed
above, that the smoothedprocesswill have:

L - 2
O"t -2A.T+ 3 A.a,

iWIP=A.T, and

2 1
cp= A.a'

Here, O"T is the variance offinished goods inventory, and
c~ is the squared coefficient ofvariation ofthe factory
output rate. Note thatTaffects the required inventory,
but does not affect smoothnessoffactory output.

Combining d withour plus or minus5 percent
loadfluctuation criterion, and assuming that d ::; c~ as
before, we find that:

A.a ~ 1200.

Adequate factory loadsmoothnesscan be had in high­
volume situations withshort averaging times; low­
volume situations require much longer smoothing inter­
vals, a. For example, 1..= 1,200 independentdemandsper
weekwould require one weekaveraging time; 80
independentdemandsper weekwould require 15-weeks
averaging time. For example, if a customer typically buys
100 units at a time,one independentdemandwould be
100 units.Asthe sizeofa typical independentdemand
increases,the time scaleofthe fluctuations lengthens.
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Extremeexamplesof this are found in the heavy con­
structionindustry, where the time betweenindependent
demands ranges from months to years.We are most con­
cerned here with independentdemands that need a few
hours' or days' capacity to fill.

If the required smoothinginterval for good fac­
tory performance is much longer than the factory's
desired customer-ordering interval, unless the demand
forecast is good over horizon T + a, great difficulty
ensues tryingto obtainsimultaneously an adequately
smoothfactory load, low inventory, and high customer­
serviceperformance. Thus, it is desirableto makeT as
small as possible.

For best performance, the factory's combined
order entry-plus-manufacturing-plus-distribution interval
must be less than the necessary customerorder interval.
If this is not attained, additional finished goods inventory
and reliance on forecasts for production controlare
necessary. Forecast accuracy is an issue whereverfore­
casts are used;bad forecasts are worse than none at all,
leadingto missed orders and excess production and
inventory Generally, if the variance offorecasterror at
timeT + a beforedue dates is greater than A2, it is
better to use the demand historyoverhorizona,and
ignore the forecastwhen determining factory starts.

Though smoothingthe loadbefore starting
manufacture is a formofbatching, there are some impor­
tant differences. Batching the producton the shop floor
increases physical inventory, investment, manufacturing
interval, and ordering interval. Smoothing the loadmight
lengthen the ordering interval, but only abouthalfas
much as batching. A batch not only suffersthe delayof
manufacturing interval, but it alsomust be accumulated
beforemanufacture or held afterward for sale.A smoothed
factory loadpresumably couldbe manufactured in a flexi­
ble factory in less time,withless investment.

To avoid batching, it is desirableto makefactory
flexibility at least as high as the number of independent
demands per week,A, of the market served by the'factory.

AT&T TECHNICALJOURNAL • JULY/AUGUST 1990

If factory resources are specialized to apply only to pro­
duction ofcertain products, the formula Aa ~ 1200
applies separately to each limited productline in the
factory. However, if the resources can be flexibly
adaptedto more products, the value ofAinvolved is the
sum ofthe AS ofall productsto whichthe resources
can be applied, and the common value ofa can then be
correspondingly less.This is the great motivation for
flexible manufacturing.

Anotherway the effective value ofAcanbe
increased, and a reduced, is to base production plan­
ning on eventual consumption ofthe product, to the
extent possible, rather than on aggregations at distribu­
tioncenters. Distribution centers commonly place
aggregate demands on factories, and the factories are
oblivious to the demands. This is a formofbatching­
creatingdependentdemands. Direct, rapidfeedback of
demands to factories couldserve to reduce simultane­
ouslyloadvariation on the factory and required distri­
butioncenter inventory-by making the factory more
responsive to distribution activity.

Smoothing the Mix. Nowhere is achieving good
resource utilization more difficult than in a multipro­
duct environment witha volatile productmix. Because
allbut the most flexible factories are limited in the rate
they can efficiently adaptto changes in mix, mixstabil­
itycomplements flexibility in the factory. Though total
workload stability depends on the vagaries ofthe mark­
etplace, stabilizing the mixfor short periodscan be
beneficial, and is more controllable by the factory.

Where production planscan be madeahead of
time-from a few days to a few weeks-it is helpful to
the factory to freeze the mixand operatethe factory at
a constantmixfor as long as possible, beforechanging
to another mix. In stabilizing the mix, the aimis to
ensure that everyday is an average day, everyhour an
averagehour-for a while-before shifting to a new
"average."

The factory typically has two opportunities, on



different time scales, to stabilize the mix: week-to-week,
and within a week. If order intervals are a few weeks,
then the factory, at the time oforder acceptance, can
promise delivery in a specific week, based on known
capacity and previous commitments, and, consistentwith
customer needs, attemptto level the week-to-week load
as much as possible.

It is also necessary to smooth the loadwithin a
weekfor best factory performance. Once the weekly pro­
duction mixis decided, further smoothingis possible by
mixing each week'sworkin a sequence so each work­
center in the factory has nearlyequal amountsofwork to
do in each few-hour periodover the week. Executing this
production sequence at a steady rate can then produce
low-variation operation-if the factory has achieved good
yield control, machine reliability, and rawmaterial avail­
ability-and has the flexibility to follow such a sequence.
The more flexible the factory, the more steadythe load
on each resource, leaving open the possibility ofgreater
outputbecause ofa better match betweenflexibility and
mix. The use of synchronized production-sequence lists
between final-assembly and feeder shops is an invaluable
help in synchronizing operations; use ofsuch lists can
also simplify production control, and lends itselfto auto­
mating the production controlprocess.

Like everything else in lIT, smoothingthe mix
also is easiest when manufacturing intervals are short.

Influence of Long and Variable Intervals. Factory
managersgo to great lengths to stabilize workload. To
understandwhyit is often difficult to install lIT in the face
ofthe pressures for workload stability, we will conclude
by looking at the naturalbehavior offactory loadand
inventory where there is variation.

If the manufacturing interval, insteadofbeing
constantas assumed above, is normally distributed with
meanr, standard deviation 0T, and coefficient ofvaria­
tionCT = oT/f, then, witha Poisson demand process
and loadsmoothingtime a as before, it can be demon­
strated that:

, - CT 20; =2AT(l + {ii) + :fAa,

iWlP=Af, and

2 1
cp = .

A(a + 2{iio-r)

Notice that the effect ofvariation in manufacturing inter­
val is likeadditional smoothing timein reducingvariation
in factory load.

This is a case where variation in interval appears
to havea beneficial effect. The above equations showa
perverse incentive factory managershave to operatewith
high levels ofvariation in manufacturing interval, and
correspondingly high intervals and inventory-they can
stabilize workload by introducing variation into the pro­
cess. (Inpractice, we see that CT is relatively indepen­
dent off, i.e., that 0T is nearly proportional tof, so
whenf is increased, 0T is also increased by about the
same percentage.)

Becausemost factory managers, given a choice
between a stableworkload and longandvariable inter­
vals, will usually choose to stabilize the workload, it is
not difficult to see howthis happensin practice. Large
factory inventories are held and workis continually
expedited to focus always on the most urgent items. Cou­
pledwiththe effects ofbatching, yields, machine break­
downs, part shortages, and asynchronous scheduling,
the large inventories and expediting result in long, vari­
able intervals-values ofCT between0.2 and 0.5 andr
between3 and 8 weeksare commonplace-but smoother
factory workload. Everyone is always busy,but an atmo­
sphere ofperpetual crisis pervadesthe factory.

One ofthe most difficult changes to be made in
lIT is to escape this cycle. Stability must not be achieved
by maintaining or increasinginterval and its variation,
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but in spite of their reduction. To do this, simultaneous
improvements must take place on severalfronts; address­
ing the list serially is ineffective. The majorflow problems
must be resolved and the factory loading process revised
to achieve success withJIT. Often, factory organization and
managementstructure and styleneed to change, and
everyone needs to become involved in the change pro­
cess. The JIT paradigm, focusing on reducinginterval and
its variation, is an effective guide to arrangingpriorities
amongproposed improvement projects, hastening the day
when world-class performance is realized.

Conclusion
TheJIT paradigm is an exceptionally powerful

tool to producea breakthrough in manufacturing perfor­
mance. Basedon a different philosophy ofmanufacturing
operations, rather than on expensive technology, the
method requires littleinitial capital investment. It
requires an understandingofthe underlying principles, a
vision ofthe possibilities, and commitment. Diligent prac­
tice ofquality controlprinciples is integralto implement­
ingJIT.13.14 Teamwork and unityofpurpose amongthe
factory workforce is essential. 15 On the road to continu­
ous improvement, the factory will likely wantto investin
newfloor layouts, information systems,and automation.
In so doing, managementis guided by the JIT paradigm
intomakingdecisions aboutwhatand when to automate
and howto rearrange the layoutto obtainmaximum
return on these investments.
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