
AT&T's business strategy for its PBX (private-branch
exchange) product line is to offer customized products
ofthe highestquality andwith the highest service, and
to sell themat a competitive price. To satisfy thatbusi­
ness strategy, AT&T's Denver Works needed to put in
place a system thatwould deliver the capability to sup­
portan efficient, assemble-to-order environment for
high-option products suchas PBXs. This required not
only streamlined andshort-interval processes but also
well-designed andintegrated information systems for
material planning andorder provisioning. The previous
papers in this issue discussed some ofthe systems and
process improvements that are prerequisites to an effi­
cient, assemble-to-order operation. Thispaper reviews
the requirements ofthe Denver Works information­
system architecture thatculminated inthe integration
ofthe operation mentioned above.
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science from the Uni- ADefinity" System 85telecommunications systemhas over
versity of Dayton 700 uniquehardware building blocks or subassemblies from which an
(Ohio). Mr. Foo is almostlimitless numberofsystemscan be configured to satisfy a cus-
responsible for central tomer's requirements. For complex productssuch as the System 85
engineering, introduc- PBX, the intelligent strategyis to plan, manage, and manufacture, notat
tion of new products, the end-item (system) level, but at the subassembly (e.g., circuit-pack)
and provisioning of level. (End item refers to a productsoldas a completed itemor repair
complex systems. He part,or anyitemthat is subjectto a customerorder or salesforecast.)
joined the company in Accordingly, the designobjectives for the Denver Works
1977 and has a B.S. in information-system architecture were driven by the goalto facilitate
metallurgical engineer- a strategythat supportsthe planning, management, and manufacture
ing from the Polytecn- ofthe subassemblies-most ofwhich are optional-based on the con-
nie Institute of New figuration in each customerorder. Moreprecisely, the architecture
(continued on page 116) mustbe able to:
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Panel 1. Acronyms and Terms

comcode a nine-digit part numberused inAT&T
for planning and orderingmaterial

Customer-Order Processing System
Delivery-Operations Support System
final-assembly sequencer
integrated manufacturing planning and

control; a material-resource planning
or MRP system

integrated pullmanufacturing
just in time
a part-numbering schemeused for equip­

ment
options within a J drawing (an

engineering-design document)
master-production schedule
material-requirements planning
private-branch exchange
price-element code; identifier for a

feature or function that has a billable
priceto customers

Production-Order Scheduling System
Recommended Ordering System
Software-Hardware Order-Processing

System
workin process

tionson actual customerorders andare revised fre­
quently to reflectchanging marketconditions, such as
increased marketdemand for a specific feature.

Aproduction planis defined basedon the fore­
casts (demand management) andon several typical sys­
tems. Next, the Production OrderScheduling System
(poss) translatesthe plan's requirements into the sub­
assemblies that make up the typical system. pass then
routes this translation, i.e., the subassemblies require­
ments, intothe master-production schedule (MPS) for
each subassembly.

AsKinney explained earlier.' the MPS is an antic­
ipated manufacturing scheduleand, at Denver, master
scheduling is done at the subassembly level. Denver
uses an AT&T-developed software systemcalled IMPAC
to manage the MPS and materials-planning processes.
[IMPAC is a material-requirements planning, or MRP, sys­
tem.The name standsfor integrated manufacturing plan­
ningandcontrol.]

Basedon the forecast, the workin process (WIP),
and the materials on hand or on order, anyadditional

The Order-Realization Process
Figure 1 is a high-level view ofthe architecture of

the information systems that the DenverWorksuses for
order realization. This architecture comprises two major
processes: material planning and order provisioning.

Material Planning. The material-planning process
involves planning and procuring the material required to
manufacture the product, based on a forecast ofexpected
customer orders.

The procurement lead times ofmanycompo­
nents are generally greater than the manufacturing inter­
valat Denver (which beginswith receiptofcustomer
orders and ends withshipmentofproducts). Therefore,
Denvermust order material based on a forecast of
expectedsales.This forecast is developed monthly by
productmanagement and manufacturing.

Because actual customerorders are not avail­
able, the preciseconfigurations ofthe forecasted sys­
tems are not known. Consequently, Denver's production
plannersuse expected configurations, which they call
typicals, to estimatethe demandfor materials.

Typicals are planning billsofmaterials for an end
item (e.g., a Definity System75telecommunications sys­
tem), where component quantities reflectthe average
usage for the components in expectedcustomerorders.
These averages represent a forward lookat configura-

- Rapidly receive a systemorder that is describedby a
list offeatures.

- Translate the features into the appropriate subassem­
blies.

- Respond quickly to changes in customerorders.
- Efficiently supportthe material planning and manufac-

ture ofthe subassemblies.
- Support integratedand synchronized assembly and

test ofthe subassemblies intothe finished product.
- Be cost-effective.

This paperwill review the major requirementsof
the information-system architecture that madethis possi­
ble. (Panel 1 defines terms and acronyms.)
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Figure 1. Denver Works order-realization architecture for
high-option systems. To enter customer-order information,
AT&T's sales force generates PEC codes, a sales language.
SHOPS (and POSS) translates this information into codes
that the other systems understand. The translated Informa­
tion (system requirements and customer-order data) is
stored in the COPS database, which other systems access
when performing their planning or scheduling functions. FAS
generates a final-assembly sequence that is based on the
shipping date and the subassemblies requirements in the
customer orders. This sequence is then used to trigger
action in the feeder shops and the storeroom. IMPAC is
used to plan the acquisition of materials required to manu­
facture the products. ROS recommends what materials
should be ordered.

material needed to satisfy the production planmust be
ordered. Orders for rawmaterials and components are
released to vendors,using the dates that the MRP sys­
tem provided.

Order Provisioning. Material planning is a plan­
ning process to procure material, based on a forecastof
expectedorders. Order provisioning, in contrast, is the
process ofexecutingthe actionsrequired to deliver
actualcustomer orders.

The order-provisioning process begins when
SHOPS, the Software-Hardware Order-Processing System,
receives an order for a PBX froman information system
called DOSS, the Delivery Operations SupportSystem.
AT&T's sales force uses DOSS to enter actualcustomer
orders and then track them.

However, when DOSS delivers the customer­
order requirements to SHOPS, they arriveas price­
elementcodes (PECs), a sales language. PEC codes are
identifiers for features and functions that havea billable
price to customers.The PEC codes need to be translated
intoa design and manufacturing language, such as
J codes and lists. [J codes are part-numbering schema
used in equipment-design documents (e.g., J drawings)
provided by the productdevelopers at AT&T Bell

Laboratories, and lists are options within J drawings.]
SHOPS not only does this translation, but alsogenerates
system-configuration information that personnel in the
final-assembly area use as a guide for assembling the PBX
systemfromthe required subassemblies. After the trans­
lation, part-number and quantity data are stored-by
customer-order number-in COPS, the Customer-Order
ProcessingSystem.

However, the MPS software does not recognize
information formatted inI-codeand lists combinations.
But it does recognize uniquenumbers such as comcodes,
the nine-digit numbers used within AT&T to planand
order material. Therefore,another translation ofthe cus­
tomer requirementsis required and is done by pass.

Every night, pass automatically accesses the
cOPS databaseand translatesthe I-codeand lists combi­
nations intouniquesubassemblies and planning units,
each represented by the comcode number that the MPS
software can recognize. (A planning unit is an itemthat
has been master-production scheduled.) After the trans­
lation, the most recent customerrequirements in com­
codeformare entered intothe cOPS database, which now
stores the customer-order information as I-code and lists
combinations and as comcodes.

Anotherkey function ofpass is its nightly search
ofeach customerorder in cOPS to add up the demand
foreach planning unit. This information aboutactual
customer requirements is then transferred to the MRP
system, which updatesthe actual customerdemands in
the master-production scheduleforeach subassembly,
based on the scheduledshipping dates in the customer's
order.That way, the master scheduleralways has cur­
rent knowledge about the totaldemandforeach planning
unit and is able to managethe supply ofmaterial accord­
ing to the real demand. (By master scheduler, wemean
the person responsible for maintaining the master­
production schedule.) Asthe units listedin the MPS fore­
casts are consumed by the actualcustomerorders, it is
the master scheduler's responsibility to balance supplies
withdemandand minimize inventories, but still ensure
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that the required material is present when needed.
When it is time to begin manufacturing the sub­

assemblies, the master scheduler releases and controls
the material needed for the subassemblies. To do this,
he or she establishes a maximum authorization ofmate­
rial in predefined increments (e.g., ten units)-i.e., a
limit on the amountand typeofmaterial that a shop can
withdraw fromthe storeroom. The maximum authoriza­
tion is similar to an electronic bank account,2 where the
manufacturing shop can withdraw up to, but no more
than, the amount that has been deposited in its account.
The bank-account feature is importantbecause it takes
the master scheduler out of the shop-floor execution
phase and allows him or her to focus entirelyon mate­
rialplanning.

The final-assembly area's schedule drives, or
pulls, the material from the feeder shops.Therefore, it is
feasible to minimize manufacturing intervals and maxi­
mize resource utilization by establishing for the cabinets
an assembly sequence that will generate the most level
loadfor the week on the feeder shops.

The final-assembly sequencer (FAS) ,3 whichis
run each night,performsthis leveling function. First, it
collects up-to-date information on all system and spare­
parts orders and due dates fromthe COPSdatabase. Next,
FAS segments this information by week, based on the due
date.The cabinetsdue (i.e., needed by the final-assembly
area) duringa specific week are then sequenced in a way
that minimizes the fluctuation ofthe requirements (i.e.,
demands) on the feeder shops.All the subassemblies
requiredfor each cabinetare scheduledfor completion
on the same day. Becauseofthis philosophy, the assem­
blyschedulefor each ofthe feeder shops is not perfectly
smooth, but the variability is minimized.

There are severalfundamental principles in the
use ofthe sequencer:
- Some subassembly manufacturing is not leveled. The

leveling process givesgreater weightto the subassem­
blies that have the highest variability and highest cost,
alongwiththe longest manufacturing lead time (e.g.,
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circuitpacks).All the other subassemblies are pulled
based on the final-assembly sequence ofthe cabinets.

- Cabinet shipmentsscheduledduringa specific week
will not exceed the capacity ofthe final-assembly shop
for that week. All cabinetsare sequenced in the week
that they are scheduledto be shipped.

Oncethe assembly sequence ofthe cabinetsis
established, FAS derivesthe sequencefor the subassem­
blies.Subassemblies in the existingfinished-goods and
WIP inventories are subtractedfromthis subassembly
demand, withits associated due dates.The remainder
fromthis calculation is the demand requirementsfor the
raw-material storeroom. Equipment shop subassemblies
(e.g., carriers, powerdistribution subassemblies, shelves)
are pulledintothe final-assembly area viaa manual kan­
ban system.' based on the final-assembly sequence.

Although manual kanbansand replenishment
strategiesare desirablebecause oftheir simplicity, they
are not feasible approaches for circuit-pack manufactur­
ing,because ofthe high volatility ofdemandand high eco­
nomic value ofthe circuitpacks." Instead,the expected
manufacturing-lead times for the circuitpacksare used
to determinewhen manufacture ofthe circuitpacks
should begin. Basedon this calculation, a priority list of
manufacturing starts is generated for the circuitpacks.

The raw-material storeroomis considered the
first operation in the assemblyprocess.Acomputer­
generated priority display, which receives inputfrom
FAS, instructs the storeroomabout the correct sequence
forcomponent-picking activities.t (Picking is the process
ofwithdrawing components fromstock.) APick list
identifies allthe components needed to manufacture
products. Butbeforea picklist is available for picking
operations to be started, the master scheduler-as previ­
ouslydiscussed-must haveelectronically deposited
enough material intoan electronic bank account.

When the picking operations are completed, the
material is staged (i.e., made readyto move ontothe
shop floor). AsdescribedbyAlbano et al.," maximum
WIP levelsare establishedwithin the shop,and material



Panel 2. Components of the Architecture

This panelsummarizes the key features ofsome major
components of the DenverWorks information-system
architecturefor order provisioning.

SHOPS. The Software-Hardware Order­
ProcessingSystemtranslates PEC codes (i.e., sales
language) intoa set ofJ codes and lists (i.e., design and
manufacturing language). It then provides system­
configuration information that manufacturing uses to
support the final assembly ofthe PBX. This information
also serves as documentation for the customer.

cops. The Customer-Order ProcessingSystem
maintains the customer-order database,whichstores
customer-order information alongwithrelated informa­
tion (e.g., shipping date). cOPS also receivesand stores
information about orders that do not go through DOSS
(e.g., spare-part orders). In addition, COPS provides
shipping documentation for the order, as well as infor­
mation for billing.

poss. The Production-Order Scheduling Sys­
tem receivestypical end-item (i.e., system) forecasts
and translates them intothe subassemblies (e.g., circuit
packs) required to assemble the end item. It then
routes the demandforecasts for each ofthe subassem­
blies into their respective master-production schedules.

is delivered to the shop onlywhen the shop is below the
WIP threshold, and only when the shop transmits a pull
signalto the storeroomthat it is prepared to accept the
material. On the shop floor, manual lIT (just-in-time)
techniques-such as a kanban system and WIP control­
are used to pullmaterial fromone work area to the next
in a first-in, first-out manner and into the final-assembly
area. Computer-based, shop-floor controlsystems are not
required, because the material flow is so fast that the
tracking and expediting capabilities these systems offer
are not needed.

When assembly ofthe circuitpacks is com­
pleted, the circuitpacks are delivered to a finished-goods

pass alsomaintains data that relates the J-code
and lists information for customerorders to their plan­
ningunits.This provides the linkbetween cOPS and the
MPS for actual customerorders.

In addition, pass checks that the customerord­
ers received do not differ significantly from the planned
typical forecasts. If an order's content (i.e., the system
configuration requested) differs appreciably, pass flags
the order for review. This process ensures that material
is available to produceeventhose orders that deviate
significantly fromthe typical configuration.

FAS. The final-assembly sequencer receives
customer-order information in the formof planning
units fromCOPS. Duringits nightly runs, FAS deter­
minesa final-assembly sequence that optimizes the
manufacturing flow for the various feeder shops that
manufacture the subassemblies. (FAS is fully described
in the paperby Luss,Rosenwein, andWahls.3)

IMPAC. The IMPAC systemis a full-featured MRP
systemthat includes a billofmaterials, a master­
production schedule, material planning andordering
support, and a storeroom-control module. These capa­
bilities are interleaved withthe pass, FAS, and store­
room systems to support the integrated information­
system structure.

storeroom. The final-assembly area for the cabinets pulls
the circuitpacksfromthe storeroom, based on the final­
assembly sequence.Finishedcabinetsare then sent to
systemtest where, after successful testing, the com­
pleted systemsare shippedto the customer.

The production-control conceptdescribed above
embodieswhathas been called integrated pullmanufac­
turing (IPM) at the DenverWorks. 7

In 1990, the finished-goods storeroomwaselim­
inated, and completed circuitpacksnowgo directly into
the final-assembly area.This conceptofeliminating a
storeroomfor a finished subassembly alsoconflicts with
traditional MRP principles. One objective ofan MRP
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system is to balancematerial supply withdemand. To do
this, an MRP system needs to keep track ofthe material.
Conventional MRP systems mandatethat completed sub­
assembliesgo through a storeroomwhere their entrance
and exit are recorded. However, this archaicpolicy adds
no value and impedesthe flow ofmaterial. At Denver, a
backjlushing feature in the IMPAC system allows the mate­
rial to flow directly into the final-assembly area, while
maintaining accurateWIP inventory. Assubassemblies
are completed, backflushing decrements the WIP (inthe
MPS) at the end ofthe process.

Summary
The architecturenecessary to support an effi­

cient assemble-to-order environment for high-option
productshas been described. (Also see Panel2.) The
critical architectural design requirements include having
a systemthat:
- Supports a strategy that allows the materials manage­

ment and manufacturing, at the subassembly level, of
all the buildable options or building blocksthat forma
configured order for a PBX.

- Integrates the order-processing, materials­
management, and manufacturing systems.Key to this
is a common, integrated,customer-order database.

- Provides current information on customer orders
through nightly updates fromthe customer-order
database, which-in turn-is used to update the
materials-management and manufacturing systems
that driveoperations.
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