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The interval for execution ofa partspick list in the AT&T
Denver Works storeroom has beenshortened from 1
week to 2 days or less-often as little as 2hours. This
has been achieved without costly automated storage
retrieval systems. Instead, storeroom operations now use
weigh counting, naturally balanced picking zones, and
information automation. Storeroom information automa­
tion supports andsynchronizes parallel activities inaddi­
tion to tapping information from material requirements
planning, integrated pull manufacturing, and shop opera­
tions to achieve prompt response to shop requirements.
Material is now pulled from the storeroom as requested
bythe shops instead ofbeing pushed to the shops
according to forecasts as was previously done.

Introduction
In the past, materialsand componentsarrivingat AT&T's

DenverWorks fromvendors were stored in the mainstoreroom.All
the material required (fora batch ofcircuit packs, for example) was
gathered into a "pick" for convenientuse by the assemblyshops. Pick
requirements were generated by weekly forecasts rather than orders
for actual systems. Forecasted pickmaterialswere delivered to the
shops, which in turn expeditedassemblyand testing of items needed
to satisfyorders. Storeroomcounting errors, parts damagedor lost in
the shops, and the scavengingofparts from other pickscontributedto
variability that was coveredby "pad"stock in the storeroom as well as
parts storage on the shop floor. Ofcourse, there were stillshortages.

Denver storeroom operationswere manualand paper-driven.
Device programming [ofprogrammable read-only memories (PROMS) 1,
tape sequencing (tapingaxial-lead components to parallelstrips in the
specific sequence required by the automaticinsertionequipment in the
assembly shop), and componentlead trimming and forming operations
were also performedin the storeroom.These operations, as well as
those of operators pickingparts from storage zones,were traditionally
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Panel 1. Acronyms and Abbreviations in This Paper

C.v. coefficient ofvariation
Ie integratedcircuit
IPM integrated pullmanufacturing
IMS information managementservices
LED light-emitting diode
MRP material requirements planning
PROM programmable read-only memory
SIRVIS storeroom interval reduction

velocity improvement system
WSL worksequence list

done in parallel. The first step was the weekly delivery of
all"picksheets." The separate areas of the storeroom
(zones) were then given their portion of the weekly tasks
required to prepare allof the week's picks. The parts,
independently workedon by each zone,were then
brought together (collated) at a centralized location. The
pickcould not be completed until parts from each zone
had been delivered. Becauseof the unsynchronized
operations, pickswere not completed until the last halfof
the "pickweek" and into the first halfof the following
"build" week.This necessitated the use of"hot lists" to
expeditecrucialorders.

Goals for Storeroom Operations
The following goals were set to improve store­

room operations:
- Preserve Count Accuracy. Accurate material counts

improve operationsby supportingeffective materials
planning! and by ensuring delivery ofexactly the
amount the shop requires, thus eliminating the need
to store extra material on the shop floor.

- Provide Daily-Sized Picks When Requested. Assembling
daily-sized picksfor high-volume circuitpacks
improves the manufacturing interval." but requires
processing3 times as manypicks as required with
weekly picks.

- Reduce Storeroom Interval. Reduce the time between
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receiptof material from the vendorand its assembly
by the shop.

Operational improvements that contributedto
achieving these goals will be described first. Later, the
necessary reengineeringand information system devel­
opments to support picking, the synchronization ofparal­
lel operations, and the collation of pickswill be discussed.

Operational Improvements
Usinga design-for-manufacturability (DFM) pre­

ferred componentslist" and eliminating inactive com­
ponents reduced the number ofcomponentcodes in the
storeroom by 75percent.Setup reductionsfor tape
sequencingallowed efficient processingof daily-sized
picksby the storeroom. Improvements in weigh count­
ing and in balancing parts placementin picking zones
will be described in the following two sections.

Weigh Counting. Acritical operation in the store­
room is picking and delivering the correct number of
parts to the appropriate lines. Largeitems (cabinets,
panels) and prepackaged items [such as integratedcir­
cuits (ICs)] are manually counted.Aseparate problem
exists for smallerand more frequently used parts [e.g.,
transformers, capacitors, light-emitting diodes (LEDs),
and fasteners]. These are counted by estimatingthe unit
weight (as described below) and then determining the
correct number fromthe totalweight. The majoradvan­
tages ofweighcountingover individual-part countingare
that it is less prone to human error and it is considerably
faster. The majordisadvantage is that its accuracy is a
function of the variability of the weightsof individual
items.This sectionwill describe howto quantify the
weightvariation in individual parts, howto relate that to
the totalaccuracy, and the conditions under whichweigh
countingwill be satisfactory.

Weighcounting is carried out in two steps. First,
sampleparts are randomly pickedto determine the aver­
age unit (piece) weight. In this step, some predetermined
number (known as the samplesize) of items is picked
and weighed, and then the average is calculated. This is



done on a regular basis to ensure that any changes in
parts suppliedby vendors are compensated for in the
process. Second,on the basis of this average unit weight,
the total number of parts is calculated by finding the
ratio of the total weight over the average unit weight.

The error introduced by the statistical variation
in weights of individual parts is minimized in the follow­
ing way. Definethe relative accuracyas the deviation of
the number of parts picked,N, fromthe number desired
divided by the number of parts desired. Let Ybe the
actualaverage weight. Note that both quantities, Nand
Y, are unknown. Lety be the sampledaverage unit
weight, that is, the estimate of the average weightof an
individual item from the predetermined sample. We
would like to determine the proper sample size n so that
a desired relative accuracy r is achieved. Because of the
variation of the individual weights, there is always error
in our estimate of the relative accuracy, attributable to
the particular sample.Therefore the real goal is to deter­
mine how many items n to sample, so that the probability
that the relative accuracy is larger than the desired limit
is no greater than a prespecified amount a. In standard
notation, forgivenvalues of r and a, we would like to find
a valueof n such that
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Figure 1. Sample sizes for weigh counting. The greater the
accuracy and variability, the larger the sample size must be.
In general, the sample size should be less than 65, as indi­
cated by the horizontal line, to be practical.

population standard error, andfis the correctionfactor
(N - n) / N. Assumethaty is normally distributed.
Then equation (2) implies that

(1)

N

Prob

Note that NY/y is the desired number to pick.Equation
(1) implies that

Prob I Y y= y I > _r- S a (2)- 1 - r

It can be shown! that y is an unbiased estimator
of Ywith standard error 0" (y) = -.Jf / n. S is the

where

(4)

and z is the abscissa of the standard normalcurve that
cuts offan area of a at the tails. Equations (3) and (4)
suggest that for the desired accuracy r and the risk a of
not achieving it, the sample size n is proportional to the
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Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6

Figure 2. Ideally, parameters such as number of bin visits,
number of components, and correlation should be the same
for all zones of a storeroom. However, they were widely dif­
ferent with the original parts placement plan at Denver. The
first approach to improving placement, by evenly loading
parts without regard to correlation, yielded some improve­
ment. The heuristic approach, here labeled optimal, pro­
duced even better results. Data are for the low bay area.

coefficient ofvariation (c.v.) SlY. To compensate for the
error in estimation ofthe C.v. and to be conservative, we
choose the samplesize no ofequation (4) rather than n
ofequation (3). Figure 1givessamplesizesforvarious
valuesofC.v. witha = 0.01 and r = 0.01 and 0.02.

In summary, weighcounting is far quicker than
countingindividual small, loose items and is not so sub­
ject to countingerror. However, the averageweightofan
item must be estimated froma separate sample. Figure 1
defines the size ofthe sampleso that a predetermined
accuracy can be assured with high probability (alsdspe­
cified). The tradeoff here is that the higher the variability
ofthe weightsof the individual items and the higher the
desired accuracy, the greater the sizeofthe sample. In
general, a samplesize shouldbe lowerthan 65to be
usable ina manufacturing environment.

Zone Balancing. The Denverstoreroomis divided
into three main areas: lowbay,where small, weigh­
counted items are stored;high bay, where large items,
generally requiringa fork lift, are stored;and the rc area,
where "sticks" (packaged stacks ofintegratedcircuits)
are stored.To givean ideaofthe complexity ofthe prob­
lem, in the low bay area, there were six zonescontaining
over 4200 parts. Fortunately, only 4 percentof the parts
accountfor 60percent of the picking activity in this area.
Pickersare assignedto a specific zoneso that they can
both becomemore familiar withtheir contentsand have
responsibility for a particular zone's stock (forbalance
accuracy).

It is desirablefor each zone to haveabout the
same amountofwork to do in processinga group of
picks. It can be assumed that the time to picka part is
roughlyconstant,since the traveltime to the part is a
small part of the effort, which includes retrieving, weigh­
ing (orcounting), and logging the pick. Since pickscor­
responding to different types ofcircuitpackscould be
significantly different, balancing the parallel picking
operations wasequivalent to finding a placement ofparts
that equalized, overallpossible picks, the number of
required part codes in anyone zone.
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Figure 3. The expected service time for a pick improved
markedly with the heuristic (optimal) approach to parts
placement. No operator is overburdened by anyone pick,
and the workload is spread equitably among operators. As
in Figure 2, data are for the Denver Works.
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architecture ofSIRVIS (storeroominterval reductionvelo­
city improvement system) supports and synchronizes
parallelactivities in order to achievehigh material veloci­
ties. The thrust of this control architecture is to respond
to work requests (e.g., materialrequests) by generating
a group of specific work instructions (e.g., directions to a
specific bin location) that synchronize parallel activities.
This is done through two levelsofwork partitioning and
priorityplanning:
- Levell priorityplanningensures that all storeroom

functional areas (e.g., kitting, tape sequencing,pick­
ing, and delivery) are workingon the same group of
picks.

- Level 2 priority planningensures that all operators
withina functional area are workingon the same
group ofpicks at the same time.

SIRVIS also supports the labor-intensive and
error-pronestoreroom procedures, particularly picking
and collation. SIRVIS providesa high degree ofconnec-

This is an extremely complexproblem. One sim­
ple approach to approximate a solutionis to load the
parts in the zones evenly-specifically, to placeparts in
zones so that parts are required about the same average
number of times from the various zones.The problem
with this approach is that, although over the long term,
load is equitablyspread among the pickers, for anygiven
group of picks there could be a great disparityin the
number ofparts in a zone.

Consequently, we solveda somewhat more com­
plex problem. Aslightlydifferentwayof thinking of opti­
mal placementofparts is that parts that appear together
in many picks should be in differentzones and, equiva­
lently, parts in the same zone should appear in fewer
picks together. This means that no zone operator would
be overburdened by anyone pick;the load would be
spread equitably, and the parallel pick operations in the
zones would tend to be synchronized.

To achievethis, we considered a correlation
matrixwhose rows and columns correspond to the parts
and whose (i, j)th element is the average number of
picks that have both part i and part j in them, where the
average is based on the frequencyof occurrence of the
particularpick. We then developed a heuristic placement
algorithmthat was based on assuring that, ifparts i and j
are in the same zone, they have a smallcorrelation, and if
they are in differentzones, they have a high correlation.

This algorithm was applied to the high-running
parts in each of the areas in the Denver storeroom. Fig­
ure 2 shows the results in the lowbay area; optimal
refers to the heuristic algorithm, and even refers to the
first approach ofevenlyloadingparts without regard to
the correlation. Figure 3 shows that the average time to
pickwas improved by 34 percent in the lowbay and 15
percent in the IC area by using heuristic placement.

Process Integration and Support
The DenverWorks storeroom processes have

been reengineered to efficiently supplymaterial required
by the shops on a dailybasis. The storeroom control
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tivity betweenvarioussupport tools,e.g., hand-held com­
puter and electronic scales,and it is fully integrated with
other manufacturing information systems.

SIRVIS Architecture. Information system technol­
ogywaschosen to best respond to the following guide­
lines:
- Minimize the use of paper
- Minimize keyboarddata entry
- Implement flexible, portable, and easy-to-use tech-

nology.
The SIRVIS architecture (Figure4) consists of

three layers: mainframe, UNIX\" system (UNIX is a
registered trademark of UNIX SystemLaboratories,
Inc.), and workstation. The following sections summarize
the components of the architecture.

Mainframe layer. The mainframe layer extracts
storeroom material requests fromthe material require­
ments planning (MRP) system and determines the work
required by each functional area. The mainframe runs
the information managementservices (IMS) database
managementsystem, which is also utilized by the MRP
system.

UNIX system layer. The UNIX system layer helps
planthe work loadand execute the plan; e.g., it assists
the storeroom coordinator in creating the pickgroup­
ings, downloading work instructionsto the operators,
and reporting transactions to update the MRP system
databases.This layeralso reports pick status to the MRP
system on the mainframe layer. The UNIX system layer
is composed of two AT&T 3B2-1000 minicomputers.

Workstation layer. The workstation layer provides
necessary hardware and software to mechanize labor­
intensive procedures, e.g., picking and collating. It con­
sists of the following:
- Picking workstation. This is a mobile unit,designed to

mechanize the labor-intensive procedures for picking
and packing the parts and to maintain an accurate
record of the on-hand inventory. The pickingworksta­
tion integrates a hand-held computer running locally
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developed software, a bar code scanner, a thermal bar
code printer, a pieceweightscalewith RS232 inter­
face, and a portableprinter powersupply capable of
providing powerfor one full shift.

- Collation workstation. This integratesAT&T 6300 pes,
a bar code scanner, printers for hard copies, and a
hand-held computer.

Daily Pick and Daily Delivery of Picks. The daily pick
and daily delivery of picks is accomplished as follows.
Storeroom material requests are used to trigger the
storeroom production activities. First, the storeroom
material requests are prioritized intoa worksequence
list (WSL). The priorities are assigned to ensure that a tar­
get shop is neither starved nor flooded with work. Each
line item from the WSL is broken down intofunctional
area assignments that are scheduled for synchronized
workexecution. Next, the storeroomfunctional areas
execute the workassignments,and materials are col­
lated. Finally, the using shop is notified that the pick is
available, and the pick is delivered upon request. Details
of the process follow.

Anticipated shop demands are received directly
fromthe MRP and integrated pullmanufacturing (IPM)
systems.The anticipated shop demands are delivered
once a day in batch, and the delivery requests are
acceptedduring the day in real time.The storeroom
turnaround timevaries from 2 to 24hours, dependingon
the type of pull signals.

Anticipated shop demands indicate the total re­
quirements by code for a day. The total anticipated daily
demands are rounded to standard-sized picksaccording
to predetermined rules and checked for authorization by
master production scheduling.

The storeroomgenerates the store-wide WSL
from the material requests. The material requests are
sorted and merged accordingto product/code priority
guidelinesto generate the WSL. This is a daily production
instruction that lists assemblypicksand their daily priori­
ties.The priority guidelinesare used to ensure that all
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Figure 4. Hardware
architecture for SIRVIS
is in three layers:
mainframe, UNIX sys­
tem, and workstation.
For maximum
efficiency and mobil­
ity, the link between
the storeroom carts
and the UNIX system
layer is by radio trans­
mission instead of the
usual hard wiring.
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assembly shops receive their fairshare of the daily picks,
which are distributedevenly throughout a day. The
guidelinesare establishedand maintained jointly by the
storeroom and the manufacturing shops.

Each lineitemfrom the WSL is exploded into work
unit requests (e.g., piecepart work unit,IC programming
work unit) and prioritized for synchronized workexecu­
tion in the variousstoreroom areas. SIRVIS creates work
unit requests from the entries on the WSL for all func­
tional areas (e.g., picking, tape sequencing, IC program­
ming) within the Denverstoreroom. Then SIRVIS per­
forms a material shortage check to ensure that material
requests can be completely satisfied. A material request
maybe deferred ifa shortage exists;otherwise, SIRVIS
assigns work unit requests to priority groups in prepara­
tion for execution. These priority groups are used by
functional areas to synchronize workexecution within a
day. SIRVIS definesall line activities (e.g., pick instruc­
tion) and assigns them to the operators for execution.

Execution includesmaterial pick, transforma­
tion, and delivery to storeroom collation. As noted previ­
ously, the picking functional area is divided intogroups
ofadjacent aisles calledzones, and each picking worksta­
tionhas its ownportablecart containing a hand-held
computer, a bar code printer, a bar code scanner, and a
scale. Within each zone, the pickwork unit requests are
sorted by bin location to minimize travel time. Usingthe
hand-held computer, the operator requests and receives
pickinstructionsby radio. The computer directs the
operator to a bin location. The operator verifies the bin
location and the part number for each pickby scanning
the bar code labelat each bin location. The operator
either hand-counts or weigh-counts the parts using the
integratedelectronic scale and prints and attaches a bar
code label to the bag of parts.

Afterpicking, parts need to be aggregated into
pickunits.This is done in the collation area, a centralized
location within the storeroom where materialsare
brought together before delivery to the shops.SIRVIS
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collation receivesand checks incoming materials with
bar code scanners. It assigns a collation location address
and assists the collation operator in aggregatingpicks.
SIRVIS collation notifies the operatorwhen the last line
item for a pick is checked in and changes pickstatus from
"staged partial" to "staged complete." When a pick
reaches the staged-complete status,SIRVIS notifies the
target shop that the pickis available. SIRVIS will expect to
receive a delivery request pull signalfrom the target
shop when the pick is needed.As picksare released to
the shops,SIRVIS updates the status of the pickson the
MRP system.

Results of Improvements
The advantages of zoneownership havebeen

preserved and parallel operationshave been improved to
achieve a more than five-fold increase in material velo­
city. Storeroomexecution has been successfully migrated
from a weekly forecasted paper-driven system to an auto­
mated flow ofinformation that supports synchronized
parallel execution. It has not been necessary to resort to
the capital expense ofautomated storage retrieval sys­
tems to achieve short serviceintervals efficiently. Weigh
countingis used for appropriate materialsto minimize
countingerrors. Picking zones have been balanced so
that the information system is not forcing synchroniza­
tion, but is coordinating naturally balanced operations.
Setup times have been reduced, where required, so that
smallpickscan be efficiently processed in support of
shortened manufacturing intervals for the plant.

Synchronizing activities so that a limited number
of picksare being processed at the same time reduces
the amountofmaterial in the collating or consolidation
area. Bar codingof individual picks supports the collation
process.The time from when a pick is released by the
MRP system until it is available for delivery to the shop has
been reduced from an averageofa full week to between2
and 24hours (depending on the typeofpullsignal). This
has allowed storeroom operations to change froma



forecasted push of material to the shops to the process­
ing of picks pulled, or requested by the shops. In addi­
tion, the storeroom operations and execution systems
now support increasing volumes of material shipped
directly from the receiving dock to the using shop.
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