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On the surface, material requirements planning (MRP)
systems, generally associated with push manufacturing,
appear to be incompatible with pull manufacturing, often
identified with just-in-time (TIT) techniques. In this paper,
we clarify these concepts and demonstrate how MRP and
pull can be made to coexistin a system that we have
dubbed integrated pull manufacturing (IPM). InIPM,
MRP is usedfor planning, while pull is used for shop-floor
execution. IPM is also used to synchronize the operation
offeeder lines having disparate manufacturing intervals.
The conditions atAT&T's Denver Works that allowed
the implementation ofIPM are described and a high-level
description is given ofday-to-day IPM operations.
Introduction

Other papers in this issue describeadvances madeat the
DenverWorksin manufacturing planning and production. For plan­
ning, a material requirementsplanning systemwasinstalled; for shop
floor execution, "pull" systemswere instituted. Now MRP-or, more
correctly, manufacturing resources planning (MRP II)-is generally
associated with"push"when it is used to control shopfloor operations.
Atfirst sight, therefore, there seems to be a need to reconcile the
apparentincompatibility ofMRP's push and the pull used forexecution.
Indeed, in the earlyphases ofshop-floor improvements, suggestions
were madefor transforming the materials planning processto a pull
mode. It happens, however, that MRP forplanning and pullsystems
for execution can coexist. In Denver, for manufacturing AT&T's
Definity® telecommunications systemproducts, they complement
each other verysuccessfully through integrated pull manufacturing. In
fact, papershaveappeared sinceIPM wasintroduced at Denverthat
describeother approaches for reconciling MRP and pullsystems. 1,2

In the next section, wediscussthe apparentincompatibility
between MRP and pull. We drawa distinction between just-in-time
manufacturing and pull, and pointout that applying MRP in a highly
predictable but dynamic environment can lead tolIT operation



throughout the manufacturing system. In a real environ­
ment, such as that encountered in Denver, execution
using pull is preferred.

If the Definity system manufacturing process
consisted merely of equipment assembly, the integration
ofMRP and pullwould be relatively straightforward.
However, in reality, two major subassembly flows must
be synchronized: assembly and test ofcircuit packs and
assemblyofequipment. The manufacturing intervalfor
the former is measured in days; that for the latter is
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Developing a Solution
Beforedescribing our development ofa solution,

we distinguishbetween a materialrequirements plan­
ning system and pull-type manufacturing.

MRP versus Pull Manufacturing. In a totally predict­
able productionenvironment, demand forecastswould
always be realized; billsofmaterialswould be absolutely

measured in hours. Thus, in addition to resolving the
MRP-pull issue, we needed to devisea method to syn­
chronize the operationsof all shops feeding final assem­
blywhen these shops differsignificantly in manufactur­
ing interval. The solutionto this problem is also pre­
sented in later sections.

To create a full understanding of the system, it
is also necessary to describe how it operates weekby
week, dayby day, and hour by hour. Such a description,
witha discussionof majorconcepts,can be found in later
sections.

Beforepresenting our solution, we summarize
the situationin Denverthat permitted implementation of
IPM. Although the concepts were created early in the im­
provementcycle, implementation had to await the estab­
lishment of an environmentwith sufficiently short inter­
valsand sufficiently high predictability. Perhaps the most
importantachievementwas successfully implementing
MRP. For example, as a result of the implementation,
storeroom balance accuracieswere high, billsof materi­
als were accurate, and the production controlorganiza­
tion determined what was to be builteach week. On the
shop floor, through the techniques described in Refer­
ence 3, manufacturing intervals for circuitpacks had
dropped to a few days. More importantly, the standard
deviation was approximately halfa day. The final sys­
tems were scheduled-and are currently scheduled-in
weekly "buckets." That is, it was immaterial whether a
system was completedon a Monday or Friday. This free­
dom, as is demonstrated in detail in the following sec­
tion, allows smoothingof the production schedule for all
subassemblies.

productionscheduling based
on knowledge offuture
demands (or forecasts of
demand)
material requirement plan­
ning; system for planning
production,material require­
ments, and purchasing based
on a mixture of near-term
hard orders and long-term
forecasts
manufacturing resource plan­
ning;combines MRP func­
tionality with planningof
manufacturing resources,
tracking ofjobs through
manufacturing steps, and
providing closed-loop control
viafeedbackfrom the shop
total qualitycontrol
work in process

MRPII

MRP

TQC
WIP

lIT
lead-time-based
scheduling
look-ahead policy

!PM
kanban

Panel 1. Terms and Acronyms in This Paper

BOM billof materials
Definity system AT&T's mid- to high-range
product line digital customer-premises

switchingand telecommuni­
cations products
integrated pullmanufacturing
literally, card; system in
which a fixed number of
cards are used to control pro­
duction and inventory simul­
taneously
just in time
same as look-ahead policy
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accurate; suppliers would ship their orders on time and
with total accuracy; nothing wouldbe misplacedor mis­
counted in the storeroom; machines on the shop floor
would never fail; all manufacturingpersonnel wouldbe
present when expected; and all intervals in the process
would be fully predictable. In such environments, all
activities from materials planningto shop execution
could be scheduled by using a push or MRP II system;
every component wouldreach its destinationjust in time
and every subassembly wouldbe completed on
schedule-just in time.

However, our environment is not so predictable.
To ensure product deliveryin the face of the inevitable
problems that arise throughout the chain, from materials
ordering to product manufacture, slack is built into the
scheduleofan MRP II system. Sincethis slackis demanded
by the system, there is little incentive to reduce it. More­
over, MRP II systems inevitably suffer from incorrect lead
times because they do not recognize that lead times
depend on the congestion or load within the shop.

Given the real environment, could a system that
is based totallyon pull perform better? For a product
that is built to order, such as the Definity system, the
answer is "no." It is "no" because it would be impossible
to knowwhat components and subassemblies to place
upstream in the pipeline to satisfythis week's demand.
A pull system knows nothing of the future; it merely ini­
tiates production to replenish what was withdrawn. A
simple pull system in an environmentwith dynamic
demand will result in excess inventoryof finished goods
and/or in failure to meet deliveryrequirements. This is
contrary to the goals of a lIT system.

Andyet, since the advantages ofa pull system
are apparent from the accompanying papers, it is appro­
priate to summarize them. Apull system, using kanban
cards, has the virtue of combiningthe control of produc­
tion with control of inventory: the number of kanban
cards determines the inventoryleveland the issuance of
a card triggers production. As the number ofcards is
lowered, the corresponding reduction in lead time
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becomes very visible, as do problems with the process.
This providesan incentiveto improveoperations by
reducing setup times and equipment downtimes and by
strivingfor shorter service times and higher quality. A
pull system also filters out demand surges. A fixed set of
kanban cards between two stages sets an upper limiton
the number of subassemblies that can be drawnfrom the
preceding stage. Overall, a pull system works wellin an
environmentwith little demand variability. MRP II type sys­
tems, on the other hand, work wellin the presence ofhigh
demand variability but withhighly predictable intervals.

The challenge, therefore, is to marry the
inherent strengths in planningofan MRP system with the
responsiveness of a pull execution system. In the rest of
this section we discuss the tradeoffs in detail and develop
the overallapproach at a conceptual level. Recall that the
final system deliveriesare scheduled in weeklybuckets,
the interval in the circuit-pack lines is slightlyunder a
week, and in the equipment lines it is a fewhours. Also
recall that the final assembly and test for a system can be
completed in one week. These conditionspermit a sim­
ple solution in which the wholeoperation is decomposed
into three steps of 1week each.

A Simple Solution
Given the aboveconditions, the following is a

possible approach to productionmanagement (Figure 1):
at the end ofweek k - 4, look at the hard orders for
week k, translate the system billsof materials (BOMs)
to create the subassembly needs and translate the sub­
assemblyBaM again to create the raw materialneeds
(grouped into "picks") in the storeroom. The required
picks are then completedduring week k - 3.The feeder
lines then use the material (staged in the storeroom) as
the capacitybecomes available. At the end of week
k - 2, all the subassemblies needed for the systems to
be deliveredin week k are available in the finished sub­
assembly store. The final assemblieswill be started in
week k - 1. By the end ofweek k, all the systems to be
deliveredin week k will be ready for shipping. This is



Beginning of
week K - 1

Store

--End of
week K - 4

Staging

I Equipment 4 I
IEquipment 3 I
I Equipment 2 I
I Equipment 1 I

Circuit pack 1 I
I Circuit pack 2 I
I.-Circuit pack and I

equipment lines -l

Sub­
assembly

store

Final assembly
and test

Finished
system
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End of
weekK

Figure 1. Overall
operation of a simple
solution to production
management. Orders
for week K are exam­
ined 4 weeks earlier
(that is, in week
K - 4). The opera­
tion resembles MRP,
but is in weekly
buckets.

an MRP-like approach betweenmajorstagingareas but
is in weekly buckets. It is simple to implement and it
decouples the feeder line operations fromthe final
assembly operation during a week. Moreover, it does
not put any constraintson the subassembly feeder shops
regardingthe order in whichthe materialwithdrawn
fromthe storeroom should be processed within a week.
Each feeder linecan then select the order most suitable
for its ownoperation. On the other hand, this strategy
buildsan extra interval (ofa weekor so) into the whole
process. In particular, the finished subassembly store
(aswell as the storeroomstagingarea) will carry a sig­
nificant amountofinventory. This has obvious inventory
cost and customer delivery interval implications. In addi­
tion,withthe potential ofdesign changes, this maylead
to occasional large amountsofunwanted inventory.

Anidealsolution would be to predeterminethe
order in whichthe final assemblieswill be started in
weekk and then schedule the whole feeding operation so
that all the needed subassembliesfor a givensystem
arrivejust in time for the beginning ofthe final assembly.
Aswe will see in the next section, this idealis hard to

achieve in the environment under consideration. Even
allowing up to 1 day's (or one shift's) worthofstaging
requires that manyconditions be met. Wefirst discuss
the issues that shouldbe addressed and prerequisites
on the operation that must be met beforeattempting to
reduce the staginginterval to less than 1 day.

Prerequisites for a Preferred Solution
Suppose the sequence in which the final assem­

blieshave to be carried out in weekk has been deter­
minedsomehow. This effectively determineswhat
shouldbe builton a given dayofthat week (we allow
some flexibility within a day). All the subassemblies
needed for the systemsto be builton Monday should be
available on Monday (at the start ofthe day), and so on.

Figure 1 represents the feeder linesproviding
the needed subassemblies. Notethat somefeeder lines
(circuit-pack assemblyand testing,for example) provide
more than one typeofsubassembly. Suppose a feeder
linehas enough capacity and linediscipline to makea
subassembly lot of type j in less than dj dayswithvery
high probability. Then the latest time a lot oftypej
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should enter the feeder line i is tj - dj, where tj is the
dayby the end ofwhich this lot should be available in the
finished subassembly store. Letdj be the average inter­
valofa typej subassembly through the feeder line.
Then d, - dj represents the excess inventory in the sub­
assembly store.

The above procedure for deciding production
starts is an open-loop system. When lot sizingconsidera­
tions and potential losses enter the picture, a closed-loop
schedule is needed. In particular, let Sj,k andDj,k
denote the number ofunits ofsubassembly j to be
started on dayk and the number ofunits ofsubassembly
j needed to be in the finished subassembly store before
the end ofdayk, respectively. Finally, letXj,k and Pj,k
denote the number ofunits ofsubassembly j in the
finished subassembly store and in the feeder line, respec­
tively, at the beginning ofday k. Then wewould like

s., = LOT [Dj,k + Dj,k+l ,., + Dj,k+d
i

- x., - Pj,k] (1)

where LOT Ix1is the value ofx rounded up to meet the
lot sizeconstraints. The above discussion implies the fol­
lowing prerequisiteson the feeder linesfor implement­
ing nearly stocklessoperation of the finished sub­
assembly store:
- Lot sizes. The minimum lot sizes for most, if not all,

subassembliesshould be no more than the typical
daily requirement. If the minimum lot sizefor a sub­
assembly is, say,about 1week's requirement, then
equation (1) implies cyclical production-that is, a
large lot started on day 1followed by 4 daysofno
starts for this subassembly, followed by another large
lot, and so on. Clearly, this would add roughly halfa
weekof inventory and interval in the finished sub­
assembly store and would effectively precludestock­
less operation. On the other hand, if the daily
requirement is one or more lots ofminimum sizes,
the starts can be timed to match the demandexactly
on a daily basis. Ofcourse, if the minimum possible
lot size is 1, then much tighter controlcan be exer­
cised by having a lot correspondto the demandfor
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exactly one system. One dayofdecoupling will not be
needed in this case.

- Constant interval. The interval through a feeder line
fora givensubassembly typeshouldbe nearly con­
stant or, equivalently, dj - dj should be nearly 0 (con­
siderably smallerthan 1day). This implies the follow­
ing conditions on the feeder lines:
- The extraneoussources ofvariability (machine

breakdown, operatorunavailability, major reord­
ering ofprocessingsequence,etc.) must be
minimized.

- The yield shouldbe high enough that mostunits
pass the test the first time and are available imme­
diately. Also, the small percentagethat fail the test
the first time should be diagnosed, fixed, and
retested immediately without waiting for the next
day'sbatch ofthat subassembly to be available for
testing." This requirementmeans that setup time
for changingtest fixtures must be short and test!
diagnostics/repairstationsmust be collocated.

- The total loadofworksent to anyworkarea in a
feeder line duringa dayshouldbe less than the
daily production capacity ofthat workarea. In
general, the workareas are sizedso that each has
enough capacity to meet the average daily require­
ment in a day. Typically, it will havesome reserve
capacity. To keep the interval through the line
nearly constant, it is necessaryto make sure that
the requirementon a givendaydoes not exceed
the averagerequirementplus the reserve capacity.
Thus, either the variation in demandshouldbe
kept to the minimum or additional reserve capacity
shouldbe provided in the potential bottleneck
workareas.

- While the latest start for the subassembly typej
needed on day tj shouldbe t, - dj, it shouldnot
be much earlier either. This is especially true for
subassemblies that are expensive to hold in inven­
tory and that are likely to be madeobsolete by, for
example, designchanges. This implies very tight
controlson production starts. Given these tight
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controls, it is crucial that the feeder lines avoid any
unplanned productionactivity ("hot"orders within
the manufacturing interval of the feeder line,for
example). Such activities disturb the balance
between the planned daily productionand planned
capacity and lead to a longer interval for which no
provision has been made.

As discussed earlier, most of the above require­
ments imply discipline, short setup time, high availabil­
ity,andlIT-type operation in the feeder lines (conditions
met here as a result of the activities carried out in the
feeder lines"). Finally, to achievea constant manufactur­
ing interval without excessive reserve capacity, level
loadingis required. Taking advantage of the scheduling
flexibility afforded by the weekly productionbuckets for
final systems, the final subassemblies withina week can
be sequenced to generate levelloading. An algorithm
designed to achieve this is described in Reference 5.

Feeder Line Scheduling
With the final assembly sequence determining

the order in which the systems are to be assembled and
tested (with some flexibility of reordering withina day),
the demand for subassemblies is determined, at least in
daily buckets. Effectively, this creates a master produc­
tion schedule for the subassemblies in daily buckets.

The next issue is related to the operations of the
storeroom and the feeder lines to meet the demands so
generated. Equation (1) is a simple representation of a
closed-loop look-ahead policy (like a closed-loop MRP) for
scheduling the feeder lines. (In the specific case under
consideration, the criticalelements that permitted this
approach ofbuildingto actual demand, rather than build­
ing to anticipated demand, were the short manufacturing
intervalsand their lowvariability.) As the discussion in
the previoussection indicates,this approach,properly
implemented, represents a true just-in-time operation.
On the other hand, the approach requires more informa­
tion than a simplekanban operation. In our case, the use
ofkanban corresponds to the productionstarts of a sub­
assembly to match its withdrawal from the finished
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Figure 2. Kanban versus lead-time policy. Inventories are
lower for all service levels with the lead-time policy.

subassemblystore. In a daily bucketed operation, this
implies Sj,k = D j,k -1 if there are no lot size constraints.
With lot size constraints,however, this policy corre­
sponds to starting a newlot of a subassemblywhen its
inventory in the finishedsubassemblystore falls belowa
certain level.

The choicebetweenlead-time-based (look­
ahead) and kanban-based production scheduling
depends on manyfactors. Twostudies at BellLabora­
toriess? shed some light on this question.

The study by H. Heffes" dealswithone sub­
assembly on one production lineandconsiders the effects
ofdemand variability, manufacturing interval and its varia­
bility, yield, and forecast errors (when the demands are
not knownwithcertainty).Both look-ahead and kanban
policies require some finishedsubassemblyinventory to
achievea desired service level. Figures 2 to 4 showsome
typical comparisons. The parameter d represents the
average intervalthrough the feeder line and 0-2, its vari­
ance. 15 represents the mean demand per periodand cr'b,
its variability; crJ represents the forecast error. In gen­
eral, the demands during successiveperiods couldbe
correlated; p represents the magnitudeof this correla­
tion (assumed nonnegative). In all cases, the inventory
requirement under the look-ahead policy is smaller than
under kanban policy. The difference stronglydepends
on the manufacturing environment. Overall, the inven­
tory requirement under kanban-type policy is consider­
ablylarger than under the look-ahead policy when the
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Figure 3. Effects of interval length and forecast error. Gen­
erally, inventory decreases for lower values of interval d.

interval is relatively long (large d) but nearly constant
(small cra), and the demands in the near futureare
known with near certainty (small cry) but are quitevari­
able (relatively largecrb). The difference is evenlarger
whenthe demandshavehigh positive serialcorrelation.
Onthe other hand,with small interval or small demand
variability, the difference isverysmall. If the forecast
error cry is large,then both kanban and look-ahead poli­
'cies requirelargefinished subassembly inventory with
relatively small difference between them.

The studyby A. Kumar? actually models an
operation that purchasescomponents from many inde­
pendentvendors. In the manufacturing environment,
this corresponds to the operations ofmany feederlines.
The production starts in different linesare synchronized
by appropriate lead-time offsets [equation (1) applied
individually foreach subassembly typeand eachfeeder
line1to meet the final assembly needs,but otherwise the
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Figure 4. Effects of forecast error. The more certain the
forecast, the lower the inventory.

linesare operated independently. The resultsshowthat
the inventory requirement ofeach subassembly increases
as the numberoffeederlinesincreases if the interval in
eachfeederlinehas significant variability. If the inter­
vals in mostfeederlinesare nearly constant, then the
inventory requirement forallsubassembly typesremains
small. In the former case, the inventory requirement can
be reduced if the operations ofthe feederlinesare
further synchronized. That is, the sister lots required
together in the subassembly store produced in possibly
different feederlinesare trackedin their feederlinesand
are brought intothe subassembly store almost together
by usinga control and priority structure.

In the production environment forDefinity pro­
ducts,the demandsforvarious subassemblies in the
equipment (non-eircuit-pack) shopshaveverylittle tem­
poral variability and the interval isveryshort-a few
hours in mostcases. It is clearthat a simple kanban pro­
cedurebetween the subassembly store and the feeder



line input, and between the feeder lines and the store­
room, would be quite effective and simple to implement.
Circuit-pack lines, on the other hand, contain many dif­
ferent codes. Some of these are high runners (over 200
circuit packs per week) while the others are low-volume
types (under 10circuit packs per day). Even after the
demand smoothing providedby the final assembly
sequencer, the demand for individual codes has signifi­
cant variability. Minimum lot sizes (10to 40 depending
on the code) also add some demand variability. More­
over,circuit packs are relatively expensive to hold in the
finished subassembly inventory, and they are more likely
to be subjected to design changes that could make the
excess inventoryobsolete. These observations and the
results of our analysis suggest that the circuit-pack lines
for Definity products should use a look-ahead policy,
with the finished subassembly store being the demand
generator. Since all equipment shops can run withvery
short and almost constant interval, we do not have to
worry about many feeder lines with significantinterval
variability. This allows a simple conceptual implementa­
tion of the look-ahead policy in the circuit-pack line
withoutan elaborate information system to track and
control individual lots in the line.

Effectively, what should enter the line on a given
day can be determined by a look-ahead policy givenby
equation (1). A work-in-process (WIP) limit imposed on
the circuit-pack lines" would guarantee smallvariability
in intervalwithinthe line. The lots to be started on a
given day can nowbe pulled into the shop as other lots
leave the line and enter the finished subassembly store.
If the demand smoothing is reasonably effective and if
the line has sufficientcapacity, then enough pulls should
be generated during the day to movethe dailyplanned
starts into the line during that day. With commitment
from the shop management to not disturb the order of
production significantly once the lots are in the line,very
littletracking is needed. Also, with the commitment
from the store to not make much more than the daily
planned starts available as completedpicks, the demand

pulls could not result in premature productioneven if the
line had extra capacity.

For the productionenvironmentunder con­
sideration, this providesan ideal marriage ofclosed-loop
MRP and kanban pull concepts to achieve the goal ofjust­
in-time production. The MRP system is used to plan pur­
chasing and create a long-term productionplanbased on
near-termhard orders and longer-termforecasts. The
production in near-termweeklybuckets is plannedfrom
the known hard orders and intervals. The flexibility
available withina week is used to generate a smooth
demand profile during that period. The resulting final
assemblysequence becomes a localdemand generator
for subassemblies. MRP concepts are again applied to
translate these demands into production starts in daily
buckets for relatively long-interval feeder lines. All the
feeder lines operate with strict WIP control and pullsig­
nals to take advantageof the simplicity and effectiveness
of kanban concepts at the shop level. Componentsin the
storeroom, completed picks in the storeroom waiting for
pull signals from the lines, completedsubassemblies
waiting for the start offinal assembly,and completed sys­
tems waitingfor shipment are four "regulator"areas in
the sense discussed by Hartland-Swann.f The movement
between regulator areas is swiftand reliable because of
the shop discipline and exercise of]IT and totalquality
control (TQC) concepts throughout. This overall
approach to production is what we call integrated pull
manufacturing (IPM).

It should be noted that a different production
environmentcould have produced a different idealsolu­
tion. For example,as shown in our analysisand by
extensive experience in the Japanese automobile indus­
try, with low-option products made in large volume and
with nearly constant demand, an overallkanban opera­
tion could result in an ideal mixof simplicity and effec­
tiveness. On the other hand, with inherently long inter­
vals,greater fluctuation in demands, greater optionality
in the subassembly mixfor a givenfinal system, and mul­
tiple feeder lines with relatively long intervals, the cost of
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introducing additional regulatorareas within the feeder
linesand extendingsome ofthe MRP trackingconcepts
betweenthe regulatorareas couldbe justified. For­
tunately, the Definity systemproduction environment is
not likea true job shop in that sense.

MRP-Pull Interface
An important requirementfor the shop execution

strategyto workeffectively with daily (or smaller) buck­
ets is that the components required to assemblepicksfor
a given daybe available in the storeroompriorto the
beginning ofthe day. Guaranteeing component availabil­
itywhen needed is relatedto appropriate purchasing pro­
cedures and to the verification procedure, typically done
at MRP level. MRP systemstend to operate in weekly
buckets. Thus, there is a need to reconcile the weekly
bucketedplanning and daily bucketedexecution from
the component availability perspective.

Asimple solution here is to add a feature called
bank account. Atthe end ofweekk - 1, the planning sys­
tem determinesthe pickneeds forweekk based on the
subassembly needs in weekk + 1. The billofmaterials
translatesthis intothe component needs. The system
then checks the availability electronically and assignsthe
components to the feeder lines. This electronic lockpro­
videsa "bankaccount" againstwhichthe shops can draw
duringweekk. The actual sequence in whichpicksare
performed in weekk is then governed by the procedure
discussedabove. Moredetails ofthe IPM operation can
be found in Reference 8. (There it is stressed that a criti­
cal ingredientin reconciling the apparentconflict between
MRP and pullis the elimination ofthe launching ofshop
orders by the master scheduler.)

The above procedurewould identify at the plan­
ningstage anyproblems likely to arise duringexecution,
when it is easierandless disruptive to provide alternatives.
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