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Thisarticle is divided into three main sections: an intro­
duction to the manufacturing problem thatcaused
material requirements planning (MRP) andmanufactur­
ingresource planning (MRP II) to be developed; an over­
view ofthe theory, strategies, and components ofMRP,
including the master production schedule (MPS) and bill
ofmaterial (BOM); anda discussion ofhow MRP has been
put into practice at the AT&T Denver Works.
Introduction

American industry has learned-often painfully-that where
laborcosts are concerned, foreign competition often has huge advan­
tages. New technologies and manufacturing techniques are dramati­
cally increasing directlaborproductivity. Management and staff sup­
portare beingtrimmed to increasewhite collar productivity. Butit is
increasingly evident that eventhese actions are not enoughto permit
effective competition. Improving material-related costs andproduct
quality are additional prerequisites.

Inventory carrying costsvaryfrom company to company,
depending on the elementsincluded. Generally they rangefrom 25to
35percentofthe inventory value. Increasing inventory turnover-the
velocity ofmaterial-reduces the average level ofinventory andits car­
rying costs.lIT (Iust-In-Time) has become a panaceafor inventory
reduction and quality improvement. Unfortunately.jrrdoes not plan
ahead; it only reacts to current demands. Large variations involume or
productmixexacerbate the lackofplanning inlIT. To take advantage of
rrr's quality benefits, a planning systemmust provide the rightpartsat
the right time, from vendorsfar away, without high inventory levels.

MRP andMRP II presently provide the mosteffective ways to
plan supplies ofrawmaterials and component parts.The acronyms
MRP andMRP II are extensively-and often interchangeably-used in
American manufacturing. MRP is material requirements planning, and
MRP II is manufacturing resourceplanning: the latterencompasses the
former to include a widerrange offactory operations.

The World Before MRP. In the early1960s, the mostaccepted
technique for managing inventory usedvarious reorder pointmodels,
i.e., replenishment approaches that wereheavily influenced bytech-
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Panel 1. Terms and Acronyms in This Paper

APICS American Production and Inventory MPS master production schedule
Control Society MPU master planning unit

ATO assemble-to-order MRP material requirements planning
AVLPRM available topromise: quantity available MRPII manufacturing resourceplanning

to promise for independent demand MTO make-to-order
orders each week. This information PEC priceelementcode
is needed to provide realistic PERT/CPM ProgramEvaluation Review
scheduleswhenassigning Technique/Critical PathMethod
schedules to independent demand PLN ORD planned shop orders: shows dates and
orders consistentwith availability in itemquantities, offset byMLT,
the MPS. neededto fill demands not satisfied

BIN Quantity offinished items in a store- by BIN, WIP, and SCH REC. Some
room systemsallow the planner to freeze

BOM billofmaterial planned orders, so only manual
CLT cumulative leadtime: MLT + leadtime to intervention canchangethem. This

get the longest leadtimecom- line is often referredto as the mas-
ponent. Planning and storeroom ter schedulefor the item, because
timecan be added. With accurate the planned orders are furnished to
leadtimeinformation, anyincrease the MRP logic section ofthe system
to the MPS foran iteminsidethe forexplosion intorequirements for
timeframe will cause expediting. A subassemblies andcomponent
decreasewill cause excess inven- parts.
tory or de-expediting. PRJ AVL Projected availability in the bin after

CRP capacity requirementsplanning supplies are received and demands

20
end item a productsoldas a completed itemor are satisfied. Negatives indicate the

repairpart, or as any itemsubjectto planis not doable. The master
customerorders or salesforecasts schedulershouldconsiderreplan-

DEPDMD dependentdemandscalculated by the ningthe material plan.
MRP system SBA storeroombalance accuracy

EOQ economic order quantity SCH REC Scheduled receipts. When a shop order
\<.10 engineer-to-order is createdfor itemmanufacture, it
IMF item master file has a schedulefor delivery to bin
IMPAC IntegratedManufacturing, Planning aftercompletion. This element

and Control showsthe schedulesfor delivery

INDFCT independent demandforecast
from WIPto bin,based on the

INDDMD independent demandorders
current open shop order schedules.

!PM integratedpullmanufacturing SFC shop floor control
ISD information systemsdevelopment SIS safety stock: the itemquantity needed
]IT just-in-time to protectthe planfromsupply and
klingon a software development that modifies demand uncertainty

or adds features to a core software TOR turnoverratio
systembut is separate from it WIP work-in-process inventory: quantity item

MLT manufacturing leadtime: standardshop in processin the shop, regardlessof
timefor manufacturing the item state ofcompletion

AT&T TECHNICALJOURNAL.JULYIAUGUST 1990



niques for calculating economic order quantities (EOQ).
(EOQ is the least-total-cost quantity ofa purchaseditem,
including order placement, transportation, storage,and
inventory carrying costs.) Traditional thinking taught
that lowerinventory investment could be obtained only
at the expenseofcustomerservicelevels.

Reorderpointtechniquesrequired forecasts of
demand through replenishment leadtime, and assumed
the forecast demandswould consumeavailable stocks.
(Replenishment leadtime is the timefromrecognition of
need to receiptofmaterial.) Because both supply and
demand haveuncertainties, safety stocks often were used
to protectoperations from risk.When a component
inventory wasprojected to reach the safety stock level or
reorder pointat leadtime, a replenishment order would
be placed.

This traditional approach has manyproblems.
Reorder pointmodel forecasts assume uniform demand
overtime, but veryfew manufacturers experience uni­
form demandpatterns.Replenishment leadtimes in the
electronics assembly industrywere long, averaging over
13 weeks; manyextendedto 20weeksor more.Each
memberofa supply chainwould use interval to insulate
againstuncertainty. (Interval is the timefrom receiptof
the customer order to the time it is shipped.) Backlogs
oforders were considered good,for they provided a
"warm, fuzzy feeling" aboutshort-termbusinessvolume.
Expediting-i.e., placing short-interval orders and pull­
ingorders-was the rule rather than the exception.

Also, in an environment withmanycomponents
and subassemblies, the demandfor"numbercrunching"
wasastronomical. Without powerful computers, calcula­
tionswere performed at scheduledintervals that made
the systemunresponsive to the need for change. Aswith
anysysteminvolving extensive manual calculation,
errors were frequent.

Errors, infrequent and inadequate planning, and
longintervals caused numerousstockouts (i.e., shor­
tages) as well as high inventories. An inventory manage-

mentcycle wasall toocommon. Unacceptable stockout
levels caused more inventory to be ordered; then, excess
inventory caused top management to declare stockreduc­
tions, leadingto newstockouts. Customer service deteri­
orated and overtime grew. Pressure to eliminate stock­
outs drove overordering behavior, withrepeated cycles
of increased inventory and newstockouts.

Burgeoning inventories wereonlyan irritantin
the early1960s when interest rates were runningunder
4.5 percent. But they causeda crisiswheninterest rates
increasedto double-digit percentages in the 1970s. Inven­
toryalsoconsumed cash that could haveboughtcapital
equipment sorelyneeded to keep up with accelerating
technological change. Better inventory management
techniquesbecameessential. MRP introduced a newset
oftoolsand techniques, supported by faster, less expen­
sive computerresources.

MRP YS. MRP II. The fundamental difference
between order pointtechniquesandMRP is time phasing,
i.e., usingcurrent and predicted independent demands to
drive timely demandsforcomponents. MRP is a time­
phased reorder pointsystemfor independent demands­
i.e., for itemsunrelatedto other items-such as custo­
mer orders and service part orders.This method
replaces the continuous, smooth-demand assumption
used in order pointmodels. Dependent demands are cal­
culatedby an MRP systemas a result of itsview ofinde­
pendentdemands.

MRP requires certaininputsfor its calculations:
- Masterproduction schedule (MPS)
- Bill ofmaterial (BOM)
- Inventory status
- Replenishment leadtimes
- Manufacturing leadtimes.
The last three inputsfrequently comefrom an itemmas­
ter file (IMF) withinformation foreach part in the sys­
tem.The MPS, BOM, and IMFare often considered partof
an MRP systemthough, in the strictest sense, they are
simply inputsto the MRP process. For practical purposes,
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these functions-as well as storeroomand procurement
functions-must be considered integralsubsystemsfor a
working MRP system (see Figure 1).

MRP examinestime-phased demands fromthe
master schedule,and breaks them into their component
parts, using BOMs for this "explosion." These require­
ments are then "netted"-i.e., reduced-by available
inventories. The result is time-phased demands forcom­
ponents that must be satisfied by placing orders for the
right amounts at the right time.This is the function
called material planning.

AsMRP logic replaced earlier techniquesto man­
age manufacturing inventories, it becameevidentthat MRP
as described above wasnot enough. MRP assumed
infinite capacity, both in the manufacturing facility and
from vendorsupply. In the real environment offinite
capacities, additional toolswere needed to manageexe­
cution of the plan.

There was littleor no provision for "closing the
loops," i.e., for a process to feed back the feasibility of
the planprovided by the higher level functions. For exam-
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ple, if Purchasingcannotprovide a component requested
by the MRP system,that data is provided to the master
scheduler,whodetermineswhatend productswill be
affected. Asa result, customerorders, the production
plan, and the business planare changed to reflectrealis­
tic information. This is called replanning.

In the early 1980s, the term MRP II wasused to
encompass MRP and additional techniquesto correct
MRP's shortcomings. These techniques include capacity
requirementsplanning (CRP) and shop floor control
(SFC). The cost ofestablishing and maintaining the data
required for CRP and SFC is high. Furthermore,CRP and
SFC tend to lead to excessive replanning. This disrupts
customers, shop operations, and vendors. Therefore,
manyattempts to implement MRP II havebeen unsuc­
cessful. UsingMRP for planning, andJIT techniquesto
managethe manufacturing operation (execution), have
been successful at the Denverworks.

This articleis devoted to MRP planning functions.
The reader can further explore MRP and MRP II viathe
literatureon the subject, 1-3



SAMPLEMASTERPRODUCTION SCHEDULE

Part No: XYZ Major Subassembly
MLT: 2 CLT: 16 WIP: 50 BIN: 135 S/S:25

CURR WK2 WK3 WK4 WKS WK6 WK7 WK8 WK9 WK10

Ind fet: 0 0 0 100 100 100 100 100 100 100
Ind dmd: 89 103 61 65 22 3 0 0 0 0
Depdmd: 43 269 304 280 300 300 300 300 300 300
Prj avl: 81 59 44 0 0 0 0 0 0 0
Avl prm: 0 0 0 35 78 97 100 100 100 100
sen ree: 53 350 350
Pin ord: 0 336 400 400 400 400 400 400 400 400

Figure 2. Sample MPS
grid with 10 weekly
"buckets," combin­
ing major data ele­
ments on one screen.

MRP Planning Theory
Since MRP requires software, some tend to view it

as a software system. Many commercial software systems
and hardwareplatforms perform MRP functions. There are
also customized and in-house developed systems. Each
software systemredefinesMRP according to the the expe­
diencies and compromises chosen by the programmers
or designers, and their knowledge ofthe subject.

One manufacturer will have more use for some
features and functions ofMRP than for others.There are
many manufacturing dimensions that affect the require­
mentsfor an MRP system, including productcomplexity,
productoptionality (i.e., the customer's ability to order
different configurations), "make" strategy (discussed
below), or process manufacture (e.g., ofsemiconductor
devices) versus assembly manufacture. MRP systemsthat
try to satisfy allextremes for alldimensions ofmanufac­
turing are both expensive and difficult to install, use, and
maintain. They have more data elements, screens, and
reports than anyone user would need,but somehow
there is always somethingmissing. This is the user's
ticketto the software enhancement"merry-go-round."

Mostcompanies-unable to afford the expense
or time involved in customdevelopment-make the pain­
ful choiceto buy a system. It is important that the soft-

wareselection processbe thorough, and that an ongoing
survey ofavailable software be maintained. Changing to
a newMRP systemshouldbe treated likeanyother busi­
ness toolsprocurement decision.

Master Production Schedule. The MPS receives all
demandsfor productand translatesthose demands into
planned orders that are conveyed to the MRP logic sec­
tion ofthe system. The format, features, and functions of
the MPS varywidely amongsoftware systems: the MPS
discussedbelow is an example. Anexplanation ofan MPS
suited forcomplex option productassembly operations is
describedin the next section.

The MPS is a time-phased scheduleofend items
and subassemblies. (An enditem is a productsoldas a
completed itemor repairpart, or as anyitemsubject to
customerorders or sales forecasts.) Eachend itemand
subassembly in the master schedulehas its own partnum­
ber, and is called a planning unit. The demand forend
itemscombines independent demand orders (i.e., custo­
mer orders, distribution replenishment orders, and ser­
vice part orders) and forecasts. As demand orders are
received and scheduled, they replace the forecast. Depen­
dent demand is demandderived from higher order
demands (end itemsor higher level subassemblies).
Demand in the MPS for subassemblies is a combination of
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dependentdemands calculated by MRP logicand indepen­
dent demand (generally servicepart orders).

Aswas noted earlier, there are as manyvaria­
tions ofMPS as there are systems. Figure2 showsan MPS
grid that combinesseveralimportant data elements on
one "screen."Ten weekly "buckets"are shown-current
Week 1 through Week 10. The part shownis a child
subassembly to a parent end item. It has independent
demandfromfield technicians for repairs of the parent
end item. This example is just a sectionofan MPS that
can haveas manyas 104 weekly buckets showing the
forecast over two years. Extendedforecasting is required
to pass forecasted volume changes to internalclients,
such as Engineering or Finance, and to vendors.

In Figure2, the calculation ofthe current week
(CURR) planned order is the difference betweensupplies
and demands through Week3 (current weekplus 2
weeks'manufacturing leadtime), ifdemandexceeds sup­
ply. Supply is:

WIP (50) + BIN (135) + SCH REC (753) = 938.

Demand is:
SIS (25) + IND DMD (253) + DEP DMD (616) = 894.

Becauseno additional units are required forWeek3,
there are no planned orders for the current week.

Future weekplanned order calculation is illus­
trated forWeek 4. Projected available supply here is 44
units. To coverdemands of 100 units IND FCTand 280
units DEI' DMD, 336 more units must be available in
Week4.Therefore, the system plansto start 336 units
in Week 2.

Obviously, manual analysis of the data for many
active items is a chore. Here, then, as in other areas ofan
MRP system,exception reporting is a requirement. The
system needs to identify problemareas (e.g. negative PRJ
AVL) to the plannerfor detailed analysis and corrective
action.

Bill of Material. The BOM (also known as the pro­
duct definition master or product structure) definesthe
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relationship between an end itemand subassemblies,
and their respective component parts and subassemblies.
End itemsand subassemblies are called parents, and the
components and subassemblies used in their manufac­
ture are called children. Asubassembly is a childto its
parent end itemor parent subassembly, and a parent to
its childsubassemblies and components. Each hierarchi­
cal parent-child relationship is a level in the bill. See Fig­
ure 3 for an illustration ofa three-level billofmaterial.

Information in the BOM file must include the:
- Parent part number
- Child part numbers
- Quantity ofeach childpart required to make the

parent
- Date each child is to becomeeffective or removed

from use in the bill (amounting to date control for
scheduledengineeringchanges).

The bill mayalso include dropoutand yield percentages,
delivery destination, and engineeringrevision level, i.e.,
the designversion represented by the bill.

MRP Logic. MRP logic uses the MPS as its time­
phased source ofdemands, represented by planned ord­
ers in the MPS. These demandsare "exploded" to gen­
erate gross requirements, i.e., the time-phased quantities
ofchildrenneeded to make the time-phased planned ord­
ers for a parent,without considering available inventories
of the children. (Exploding here means translating parent
intochildcomponents viathe BOM.)

Current inventory and scheduledreceiptsofthe
childrenare then subtracted from gross requirementsto
provide net requirements. The childrenthat are com­
ponentparts receive no further attention fromthe MRP
logic; but childrenthat are subassemblies go through
another iteration to generate gross requirements. This
process continuesuntilthe bottomofeach BOM is
reached. Dependentdemandsfor subassemblies are
displayed on the MPS. Component parts are collected
from their various billexplosions, so the material planner
sees one stream ofdemandsfor each component.

This process can be longand require substantial



A
I

I I I
LVL1_ B(l) C(l) D(2)

I
I

I
I

I
LVL2_ E(5) F(l) G(l) H(l)

~
LVL3- 1(10) J(2)

A = end item
C, D, G = subassemblies

B, E, F, H, I, J = component parts
( ) = quantity

Example: an order for 10 part A requires 20
subassembly D and 200 component 1

Figure 3. Schematic of the three-level bill of material,
defining the relationship between an end Item and
subassemblies, and their related component parts and
subassemblies.

computerresources.Although manycompanies take
pridein the complexity (i.e., levels) of their bills, minim­
izing the number ofBOM levelscan savetime and money.
Level proliferation alsohas more serious consequences
than just computation:
- Each level requires an assigned leadtime. Planned

leadtimesrarelyare accurate, and tend to be inflated.
This is particularly true in systems withweekly buck­
ets. For example, ifa subassembly has a manufactur­
ing leadtime oftwodays, the MLT must be set either to
zero or one week. In multilevel bills, inflated leadtimes
are additive. This causes dramatic overstatements of
manufacturing leadtimefor the end item. On the other
hand, daily bucketed systems are not a panacea
because they create the illusion ofprecision and cause
unnecessarydisruptions. 4

- Standard MRP logicrequires shop orders (scheduled

receiptsfrom WIP) and receipts into storerooms-to
relieve open shop orders-for each level in the bill.
Maintaining the proliferation of shop orders adds
overhead-they must be manually adjusted to reflect
changes in demand. Storerooms are expensive to
operatebecause terminals, transactions, storekeepers,
security, floorspace, and storage facilities are required.

Material Planning. Material planning describesthe
activity ofutilizing gross and net requirementinforma­
tion for each component part from the MRP explosion.
The time-phased dependentdemanddata is compared
withscheduled receiptsfrom vendors, and decisions are
madebased on policies such as ABC classification,
minimum and multiple order quantities, and vendorrelia­
bility. (ABC classification differentiates components into
three inventory classes,usingcriteriasuch as unit cost,
dollarvolume, or leadtime. "A" items receive more atten­
tionthan "B"items. "C"items are sometimes managed
by the system, while the other classes receive muchman­
ualattention. Atypical breakdown oftimes would have
20percent in "A," 40percent in "B," and the remainder
in "C.") The action generally will be to place orders
(throughPurchasing, ifa separate function), cancelord­
ers, push orders, or pull orders. As noted earlier, placing
short-interval orders and pulling orders up is known as
expediting. Similarly, canceling or pushingorders are de­
expediting activities.

Material planning is similar to masterscheduling
because it attempts to balance supplies and demands.
The differences are that material planning generally
dealswithdependentdemandand with more itemsthan
the MPS, and interfaces withoutsidesources ofsupply.

Material plannersoften feel, justifiably, that they
are in a no-win position. They must respond to changes in
demandfromthe MPS to protectcustomerservice (in­
creased demands) and to protect investment (decreased
demands). They are constantly expediting or de-expediting
as demandschange.They are held responsible for resolv­
ing stockoutsand preventing them in the future. And they
are held responsible for component overstocks.
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Shop Order Release. Planned orders in the master
schedule also represent future plansfor releasingorders
to the shop.When the planned order is released by the
master scheduler, it becomes a shop order (i.e., a manu­
facturing or workorder), witha scheduled receiptdate.
In the MPS, it movesfrom the PLN ORD line to the SCH REC
line in the MPS grid illustration.

This release also triggers a pick list, known in
AT&T as a select. The picklist has a one-level explosion
ofthe planning unit that informs stock selectors in the
storeroomabout part number, description, quantity,
schedule for delivery to shop, delivery destination, and
storeroombin location.

Many manufacturers do not see their storerooms
as workcenters, though in a traditional MRP installation all
components are received into and issued fromthem.The
storeroomis a critical linkbetweenthe material planand
its execution. The most advanced manufacturing process
can be stalledby a storeroomthat does not deliverthe
right parts to the right placeat the right time.

Performance Measurement. Consultants and MRP II

literature dwell on performance measurements (the term
metrics has become popular inAT&T) as a critical ele­
ment in its successful implementation. Metricscan serve
as both goal setting and progress evaluation tools. One
popular approach has been to establishclasses ofperfor­
mance-A, B, C, and D-with class "A" as the pinnacle
ofsuccess.

The following metrics,witha suggested ClassA
performance level, are characterized as the "basicpieces
ofdata that must be accurate ifthe formal system is to
work."5

- Inventory (95 percent accuracy)
- Bills ofmaterial (98 to 99 percent accuracy)
- Routings (95 percent accuracy)
- Master schedule (95 percent by item producedduring

the month)
- Shipping dollars (100 percent shippedwithin the

month)
- Delivery performance (95 percent delivery against the
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original promise date each week)
- Outputby key workcenter (+/ - 5 percenteach month)
- Shopdelivery to schedule (95 percenteach week)
- Vendordelivery to schedule (95 percenteach week)
- Engineering delivery to schedule (95 percenteach

week)
- Forecast accuracy (depends on product-90 percent

60days in advance is typical).
Fewtopicshavebeen as controversial as perfor­

mance measurements: which to adopt, their definition,
howto measure, and what to do withthe results. One par­
ticularly dangerous use ofmeasurementsis comparing
one entityagainstanother.There are manyfactors to be
consideredbeforesuch a comparison has anymeaning.

AT&T has moved away froma ClassAperfor­
mancemeasurementprogramtoward localizing metrics
to suit the environment and the theme ofconstant
improvement. It would be unfairto dismissthe claim that
the current state ofperformance metrics in AT&T is an
evolutionary step that probably would not haveoccurred
unless there had first been a structured corporateClass
Aprogram. The performance metricsused in the Denver
Workswill be discussed in a later section.

Additional Considerations
There are two significant areas critical to effec­

tiveMRP operation that are not well-covered in the litera­
ture. The first is storeroom operations, the secondis inde­
pendent demand order management andMPS interface.

Storeroom Operations. StandardMRP logic requires
storeroomtransactions for each level ofthe bill of
material. In other words, components are received in a
storeroom, stored, issued to the shop, assembled into
subassemblies or end items,and shippedback to a store­
room. Subassemblies are issued to the shop (with com­
ponentparts, if required) to make higher-level assem­
blies, and are delivered to a storeroom-and so forth.
The process of receiving, managing, and issuingmaterial
in storeroomsis left to the MRP systemimplementer or
software designer.



Demand Order Management and Interface. Indepen­
dent demandorder management (including customer,
service parts, distribution stock) and interfacing to the
master production schedule are particularly important in
an option productenvironment.

MRP purists say storerooms and order interfaces
are important, but should be developed outside the basic
"engine" ofMRP. The requirements for a basic MRP
engineare commonamongdifferent typesofmanufac­
turing operations, but significant differences occur in the
areas oforder and storeroom management. Thus, the
mostcost-effective solution is to procure a basicMRP sys­
tem, integrating it withother systems to fit the needs of
the particular user.

Though storeroom managementis mainly an
execution function, the storeroom is where planning and
execution systems meet.There will be some discussion
ofthe planning side ofthis interface in the next section.

Make Strategies. There are severaldifferent make
strategies possible in an MRP system.The strategy used
fora givenproduct is drivenby engineeringdrawings,
productcomplexity, product optionality, customer order­
ingprocess, and distribution strategy.

Engineer-To-Order. Engineer-to-order (ETO) is a stra­
tegy that supports a "jobshop" environment. It involves
creatinga newBOM for each customer order (drawings
maybe provided by the customer). Manufacturing a cus­
tom milling machineis an example. Eachcustomerorder
is scheduled individually in the MPS. Raw materials and
componentparts are ordered as customer orders generate
requirements through MRP. Unlessthe manufacturer, anti­
cipating orders, chooses to stock some long-leadtime
parts, the interval to the customer will be at least equal to
the manufacturing interval plus the longest component
procurementleadtime (i.e., the cumulative leadtime).

Make-To-Order. Make-to-order (MTO) is a process
that makes standard items.Therefore, newbillsdo not
have to be engineered each time a demand order is
scheduled. End item forecasts drive orders for com­
ponent parts. Manufacturing does not start until a

demandorder is received. Sometimes this make strategy
is alsoknown as build-to-order.

Assemble-To-Order. Assemble-to-order (ATO) is an
extension ofMTO that minimizes customerorder interval
by building subassemblies to stock in anticipation ofcus­
tomer orders.

Make-To-Stock. Make-to-stock (MTS) is a strategy
forstandard productsthat are shipped intoa distribution
systemin anticipation ofcustomerorders.This off-the­
shelfapproach gives the customer the shortest interval.
Generally, production levels are driven by stock replen­
ishment orders fromdistribution warehouses.

These approaches-except forETO-are not con­
ducive to short-interval manufacture ofoption products
without excessive inventories. Techniquesthat allow.
these objectives to be met in the MTO andATO environ­
ments are described in the next section.

MRP At The Denver Works

In 1984, the DenverWorkswasa place ofconsid­
erable newand changed design introduction, strong
growthofflagship productdemands, and an archaic
approach to inventory control. The MRP systemimple­
mented in the early 1970s had the basicMRP logic, a BOM
system, a primitive MPS, a storeroomsystem, and a com­
ponentordering system. Its weakestpart wasits MPS.

Overthe years, these systemsaccumulated a sur­
roundingset ofklingons. (Klingon is a term coined by the
AT&T Integrated Manufacturing, Planning and Control
[IMPAC] developers in Warrenville. It represents a soft­
ware development that modifies or adds features to, but is
separate from, a core software system. In this way, the
functionality ofa systemcan be changed to fit local needs.
This avoids the difficulties in negotiating change to the
core system and delays in core systemdevelopment.)

Production control operatedthe system; person­
nelwere selectedby seniority. Indeed,seniority wasthe
onlyentrance requirement, and training took place on the
job.There was littleor no recognition that MRP, MRP II, and
a profession called "materials management" existed.
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The inventory turnover ratiowas2.4-this
meant the averageinventory itemwas in the factory for
21 weeks. Turnover ratio (TOR) is a metricthat has
evolved intoa key indicator ofperformance in manage­
ment of inventory investment

TOR = period output
average inventory for period

TOR denotes the number oftimes per period (usually a
year) inventory is turned over. HigherTORmeans higher
inventory velocity, loweraverageinventory, and lower
inventory carryingcosts.

The relationship betweenTOR and inventory car­
ryingcost as a percent of output (C) is:

C=~
TOR

AT&T's rule ofthumb is that the numeratorvalue-the
cost ofcarryinga dollarof inventory for a year-is 30
percent. Basedon this formula, inventory carryingcosts
at the DenverWorks in 1984 were 12.5 percent ofoutput,
based on a TOR of2.4. Obviously, this wasan unaccept­
able situation.

In 1984, the DenverWorkswasapproached by a
corporategroup chartered to implement MRP II
throughout manufacturing. MRP II had been identified as
the strategy to correct excessive inventory investment.
Asa result, a full-time DenverWorks implementation
team wasformed witha team manager, a trainingand
education manager,an implementation manager, and 11
specialists fromvariousdisciplines.

The team's charter was to implement MRP II sys­
tems and practicesaimedat attaining ClassAperfor­
mancewith respect to a set ofmetrics defined by the
Corporate group. Once data collection processes were
implemented to calculate these metrics,it wasclear that
the DenverWorkswasfar fromClassA in each.

People, The Foundation. While the software system
selection process wastaking place, there wasa massive
programto prepare the workforce forMRP:
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- Voluntary on-site education in MRP II theory wascon­
ducted forallemployees outsidebusiness hours, at no
expense to the employee. The programwasaimed at
helpingpeople pass the American Production and
Inventory Control Society (APICS) professional certifi­
cation program. Over20,000 hours ofclassroom edu­
cation were delivered in six modules to more than 500
people fromeveryfunctional organization. Over50
people are nowfully APICS certified.

- Professionalizing the materials management work­
force began in 1985. Incumbentemployees were
offered the opportunity to move to a professional
classification that required performance evaluation
and salarycompensation commensurate withperfor­
mance. Everyone electedreclassification. Seventeen
people were hired into materials management, repre­
sentinga mixture ofnewgraduates froman area col­
lege and people withindustryexperience.

- The materials managementworkenvironment was
upgradedfroman open area withtilefloors, desks
linedup in rows, and dumb terminals, to two-person
carpetedcubicles equipped withmainframe-linked
personalcomputersand printers.

- The first supervisory level (Section Chief) waselim­
inated, and allpersonnel in each departmentreported
directly to second-level managers.

The professionalization effort, alongwithimplementation
ofnewinformation systems,worked so well that materi­
als management at the DenverWorks is todayproducing
superior results with25percent fewer personnelthan at
the beginning ofthe MRP implementation. The reduc­
tionswere accomplished through promotions, transfers,
and attrition.

Software Selection and Training. In early1986, the
DenverWorksselectedan AT&T-developed MRP system,
IMPAc-(Integrated Manufacturing, Planning and
Control)-based on its functionality, development sup­
port, and because it wasalreadyinstalled and working at
another AT&T location, the Oklahoma City Works.

IMPAC is currentlyoperatingat four major AT&T



manufacturinglocations: OklahomaCity, Denver, Colum­
bus, and Merrimack Valley. Software development, sys­
tems engineering, and support operations are centralized
in Warrenville, Illinois.

Three hundred people-including storeroom
personnel, master schedulers, and material planners­
were trained on IMPAC during the first halfof 1986. This
7,800 hours of training was conducted during business
hours, using a test copy of1MPAC.

Data Accuracy. The importance of accurate data in
an MRP system cannot be overemphasized. Once robust
processes for measuring accuracy of storeroom on-hand
balances and BOMs were in place, it was apparent that
both databases were only70 to 80 percent accurate.

Storeroom balance accuracy (SBA) is important
because the system uses the data for each component to
calculatenet requirements drivingcomponent orders. If
the balance is overstated a stockout will occur, because
the material planner will not order enough components­
by the amount of the error-to satisfyfuture require­
ments. When a corporate SBA softwaresystem was
installed,storeroom management implementedan accu­
racy improvementprogram that has consistently pro­
duced balance accuracy above98 percent.

BaM accuracy is even more important, forSBA
onlyaffects net requirements once, but a billerror affects
all future requirements. Corporate guidelines for audit
and reporting billaccuracy are still in use. Here, too,
accuracy is above98 percent.

Project Management. The implementation project
was managed through a matrix process. The project
team was responsible for education and training, all
implementation-related expenses, scheduling planning
meetings with the functional users, documenting meet­
ings, collectingand publishing policiesand procedures,
and overseeing progress among groups. The oversee­
ing function was important in bringing together diverse
pointsofview amongorganizations such as master sched­
uling, material planning,the operating shops, customer
service, and information systems development (ISD).

Representatives from each functional area met
weeklywith the project team to review progress and
upcomingmilestones.PERT/CPM (Program Evaluation
Review Technique/Critical Path Method) was the project
tracking methodology and tool. Onlyhigh-level tasks and
milestones were established beyond a three to six-month
horizon; it was deemed futile to attempt detailed plans
beyond that in a dynamic projectof this kind.

Migration Strategy. To test IMPAC in the Denver
Works environment,a simple make-to-stock product was
selected as the pilot. Conversion software moved data
from the existing systems to a test copyofIMPAC, and
users both tested and familiarized themselves with
operations.After this shakedown period, the production
IMPAC system was initialized with this same product in
March 1986.

Over the next four months, additional non-option
products were converted to IMPAC. The users from the
storeroom and material planningencountered serious
problems. Both organizationswere havingto use two
systems, creating confusion and extra work. The solution
was to moveall storeroom and materialplanningfunc­
tions to IMPAC from the existing systems.This change
allowed the existing storeroom and materialplanning
modules to be "turned off," and required that demands
from the existing MRP logicbe added to IMPAC demands.
This became known as the two system fix, and was imple­
mented in October 1986.

Initially, when IMPAC came to the DenverWorks,
it was unable to manage high-option products. Option
product migrationrequired designing systems that
would feed the IMPAC MPS with forecasts and orders for
both apparatus (e.g., circuit packs) and for equipment
(e.g., carriers and cabinets). A localdevelopmentwas
implemented in December 1986 that allowed flagship
product circuit pack migrations to be completed by
February 1987, and all remaining Denver products­
includingequipment-by the end of that year.

Demand Management. There are two approaches to
managing optionproduct such as the Definity"PBX in
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Order entry and processing

Customer order

14---Changes

Figure 4. Schematic of order entry and processing, showing
the flow from customer order through the customer order
database.

an MRP system. One is to create a BOM for each customer
configuration, and master-schedule the part number for
that configuration. The other is to master-schedule sub­
assemblies that are options,but contain no optionsthem­
selves.The DenverWorks chose the latter approach;
details ofhow this was achievedare described by Kinney,
Clancy, Foo,and Lindemulder elsewhere in this issue."

Customer orders for new PBX systems and addi­
tions to existing systems are receiveddaily as price ele­
ment codes (PEC). A localorder-processingsystem con­
verts the PECs to comcodes (i.e., 9-digit numeric part
numbers) and equipment drawinglanguage, and estab­
lishes the orders on the customer order database, witha
predetermined schedule (see Figure 4).This conversion
takes place overnight, updating the customer order data­
base with new orders, shipments, schedule changes, and
configuration changes.
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The IMPAC/MPS contains a schedule screen for
each subassembly (i.e., planningunit) that can be
required in a customer configuration. Collaboration with
product designers has resulted in equipmentdrawing
structures that lend themselves to the planningunit
approach. There are onlyabout 2,000 planningunits­
i.e.,buildable optionssuch as circuit packs, carriers, or
cables-for allDenverWorks products.

Each night, allopenorders on the customerorder
database are captured and provided to the MPS. The MPS
also receives a combination ofthese open orders and
unconsumed forecasts (see Figure 5), representing the
"best guess" ofdemands at anygiventime.A best guess
is needed, for customer orders are not always available
when componentparts are ordered fromvendors.

Each optionproduct (e.g., the Definity PBX)
has one or more typical configurations knownas master
planningunits (MPU). At the DenverWorks there are 20
MPUs that must be forecast and consumed by orders.
The MPU for Denver's most complexproduct,System85,
has 720 planningunits in its typical configuration.

One frequentlyasked question is: How can you
schedule customer orders the night you receive them
without checking material availability? There are three
basic approaches to scheduling customer orders in a
MTO/ATO environment:
1. Examinethe projectedavailability of subassemblies

needed for each order, or even the projectedavailabil­
ityof the components that make up these subassem­
blies for each order. Asidefrom the resources needed
for such an analysis, time is consumed betweenget­
ting a customer order and assigninga schedule. In a
competitive, short-interval environment, this time is
not available.

2. Provide schedules that equal or exceed cumulative
leadtimes. Because this would frequently be over 13
weeks, this would be an unacceptable alternative.

3. Option overplanning (explained below).
The first twoapproaches drivea tendency to lock in
schedules. A responsivemanufacturerhas a dynamic



Figure 5. Master planning unit schedule, showing how it

contains a combination of open orders and unconsumed
forecasts that represent a "best guess" of demands at any
given time.

separates planningfrom execution wherever possible.
IMPAC generates shop orders for each select

(i.e., pick list) released to the component storeroom.
Each shop order has a due date: the scheduled date for
deliveryfromWIP to a storeroom. There are three rea­
sons for shop order quantities and due dates not to
coincidewith customer demand:
1. Shop orders are often released in quantities

rounded, by policy, to some multiple to simplify
materialhandling. Customers do not order this way.

Master Planning Unit Schedule
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customer queue, and cannot afford to lock in a schedule.
Flexibility and responsiveness are competitive weapons,
not burdens to be avoided.

The Denver Works method is to overplanthe
optionswith the most demand volatility. Those options
that vary significantly from the mean per-cabinetdemand
havetheir rate of use in the typical configurationset
above the mean rate of use. For example, if circuit pack
X occurs an average of 5.1times per cabinet, and has a
standard deviation of 3.2,the typical billwouldforecast
circuitpackX at about 10per cabinet. Obviously, this
approach results in overplanningcomponent parts for
the volatile options.These component surpluses reside
in the component storeroom, not the shop, because
materialis issued to the shop based on customer orders.

There is a useful side effect to ensuring that
componentsstay in the storeroom until the last minute.
It is generally recognized that there are benefits from
minimizing component clutter by designing as much
componentcommonality as possible into products.
DenverWorks and its design labs have reduced their
componentdatabase from 38,000 to under 10,000 active
components in the last five years. Therefore, there are
manycrossover components, i.e, those shared by differ­
ent planningunits. When components are not committed
too early, component commonality providesflexibility to
givecustomers their desired schedules.

Optionoverplanningallows immediateand con­
fident scheduling ofcustomer orders, and allows flexibil­
ityin responding to the need for schedule change, short
intervalorders and configurationchanges.

The demand management process described
here is among the most important elements in success­
fully implementingMRP at the Denver Works.

Separation of Planning from Execution. Instead ofcom­
plex,expensiveMRP II strategies, the Denver Works
elected to use JITtechniques to manage shop operations.
BecauseJITcan work only if it has the right materials at
the right time, materials management focuses on planning
to make this happen. The Denver system intentionally
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Warrenville were instrumental during the migration.
Someof the key changes in results are:

Though much of the credit for Denver'ssuccess
belongs to those who implemented MRP and those who
use it, the results above would not havebeen possible
without the execution systems and manufacturing pro­
cess improvements that make the planning effort payoff.
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2. Shop orders oftendiffer from customer order quanti­
ties for a period to adjustWIP to the proper level. Given
accurateWIP data, this is stilla deviation from custo­
mer demand.

3. Adynamic customer queue will quickly destroy the
validity of shop orders. At the DenverWorks,
significant changes are made up to and including the
current week.

If the master scheduler had to be concerned withshop
order scheduling and multiple level bills that required
delivery through multiple storerooms, he or she would
be involved in executingand distracted from MRP's
greatest strength, its planning capability.

The master scheduler's interface to the execu­
tion process is releasingselects to the storeroom, but the
storeroom does not picka select until it receivesa signal
from the Denverexecution system,IPM-Integrated Pull
Manufacturing. (Details ofIPM are provided in another
paper by Kinney, Denning, and Foo.) 7 At present, daily
lots are mechanically calculated by IMPAC and released in
batch Monday morning. The master scheduler views this
as a deposit intoa bank accountfromwhich the shop's
customer order drivenJIT executionsystem can withdraw.

In-process MRP storerooms are not used. The
requirement of IMPAC to ship subassemblies to in­
process storerooms is circumvented by a development,
calledbackflushing, that mechanically decrements WIP for
allsubassemblieswhen the customer order is delivered.
There are in-process inventory buffersto support custo­
mer order-driven JIT execution, but these do not require
software systems.

Results. Implementing the MRP system at the
DenverWorks involved hundreds of peoplefrom alldis­
ciplines, including operating, engineering,accounting,
and human resources. IMPAC support personnel from
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