
MANUFACTURING EXECUTION:
CIRCUIT PACKS

________ Robert E. Albano, Cagatay Buyukkoc, Bharat T. Doshi, David X Callaway,
David J. Friedman, Terry R. McClure, Laurie A. Schmitt, and John J. Svitak

64

Robert E. Albano and
David J. Friedman are
with AT&T Bell Labora­
tories at Murray Hill,
New Jersey. Cagatay
Buyukkoc and Bharat
T. Doshi are with AT&T
Bell Laboratories at
Holmdel, New Jersey.
David X Callaway, T.
R. McClure, and Laurie
A. Schmitt are with
AT&T Business Com­
munications Products
at the Denver Works.
John J. Svitak is with
AT&T Bell Laboratories,
Princeton, New Jersey.
Mr. Albano is a dis­
tinguished member of
technical staff in the
Manufacturing Systems
Engineering Depart­
ment. He works in vari­
ous AT&T factories to
implement just-in-time
and total-quality-control
manufacturing
methods. He has a
B.S.E.E. from New Jer­
sey Institute of Tech­
nology and an M.B.A.
from Rutgers Univer­
sity. He joined AT&T in
1968. Mr. Buyukkoc is
a member of technical
staff in the Perfor­
mance Analysis Depart­
ment. He works on
(continued on page 78)

AT&T TECHNICALJOURNAL. JULY/AUGUsr 1990

The architecture! ofthe Definity" 75 and 85 telecom­
munications switching systems is designed to be flexible
so that system configurations canbe designed to match
customers' specific needs. One aspect ofthis flexibility is
achieved through physically standard modules or build­
ingblocks (for example, circuit packs), ofwhich there
are several hundred. Acustomer interface engineer can
select from these to design a customized PBX for the
prospective user. As a result, there isgreatvariability
from one customer system to another. At the manufac­
turing level, thisvariability is reflected byhighly volatile
weekly demands for specific circuit pack codes. The
high variability ofcircuit-pack demand, coupled with the
high value ofcircuit packs, makes the efficient manufac­
ture ofcircuit packs a highpriority for competitive PBX
manufacturing. Thisarticle reviews the circuit-pack
manufacturing initiatives thatwere launched atAT&T's
Denver Works to respond to the competitive challenges
ofthe business.

Introduction
Atthe start ofAT&Tsmanufacturing improvement initiatives

in 1985, circuit-pack manufacturing wascharacterized byhigh work-in­
process (WIP) inventories, longand highlyvariable assembly and test
intervals, unacceptable internal quality levels and,not surprisingly,
high cost. In order to continue to be competitive in the PBX business, it
wasnecessaryto makemajor improvements in the circuit-pack
manufacturing process. Teams consisting ofmanufacturing engineers
andAT&T Bell Laboratories productdevelopers and manufacturing
systemengineerswere formed. Theyweregiven the charge to:
- Improve internal quality.
- Reduce manufacturing intervals andvariability.



Panel 1. Acronyms and Abbreviations in This Paper

The net effect of these actions wasthat testing
becamemore accurateand reliable and only circuit
packsthat had passed tests were allowed to move to the
next step.At the DenverWorks, this is known as green
light testing.

Components and Design. Startingwith the most
common failures, the team collected data on failed com­
ponentsand conductedfailure modeanalyses. These
results were reviewed withthe component suppliers.
When necessary, handling methodswere changed,local
or vendor tests were modified, and in some cases com­
ponentswere designedout of the product. The philoso­
phywasto improve component quality without incurring
the costs of incoming inspection. Incoming inspection is
used onlyfor particular components to supportthe ven­
dor quality improvement process and to protect the plant
from defective components untilvendorexcellence has
been achieved.

To further improve first-test yields, a design for
manufacturability/testability (DFM/DIT) checklistwas
developed by a team ofdesignand production engineers.
This checklistcoverscomponents, printedwiring boards
(physical and layout), DFM audits, and testing (system,
functional, and in-circuit). The checklistis a "living docu­
ment," now in its sixth issue, used to evaluate the
manufacturability and testability ofnewand redesigned
circuitpacks.

The philosophy that quality shouldbe built-in,
not inspected-in, resulted in increasedyields without
increasedcomponent inspection costs.Apreferred­
component databasewasalsodeveloped and imple­
mented.This gave the designers a list from which to

Quality Improvements
Quality improvements were directed at testing,

components and design,and assemblyoperations.
Testing. In the manufacture ofcircuitpacks, a

series of tests is performed. The first is usually in-circuit
testing, which uses a "bed ofnails" fixture to contactcon­
ductorson the back ofa circuitpack to check for proper
interconnection (noopens or shorts), proper discrete
component values, and propervaluesofcertain device
parameters. The second is functional testing,whichexer­
cises the specific capabilities ofcircuitpacks at operating
speed. Finally, the individual circuitpacksare assembled
into the customer-specified configuration and the func­
tional capabilities of the system are exercisedand tested.
This last test is known as system testing.

At the start of the improvement project, first-test
yields of55percent at the in-circuit test and 95percent in
the systems test were the norm.The low first-test yields
didnot compromise the quality ofthe productbeing pro­
vided to our customers, but the repair and retesting re­
quiredto obtain a final test yield of 100 percent wascostly.

To support first-test yield improvement and
lower the cost ofquality, an on-line yield and defect
reporting systemwas put in placefor in-circuit testing.
Defects were classified into three categories: assembly,
testingprocess, and component. As a result of the data
collection and analysis, severalsymptoms and problems
wereuncovered. One symptom wasthat some circuit
packs, although identified by the test set to havefailed,
werebeing passed by the person conducting the test
because, in the tester's judgmentbased on experience,
the test set had falsely indicted the pack. In other words,
testing had becomean art rather than a science.

Someof the specific actionstaken included:
- Standardizing test set maintenance and calibration
- Redesigning interconnection fields between the test

set and fixturesand schedulingfixture maintenance
- Verifying that tests were both repeatable and con­

sistent between test sets
- Reviewing designs for testability.

BOM
DFM
DIT
DIP
EIA
FTY
IC
lIT
MRP
PBX
PPM
SM
TQC
YAY
WIP

billofmaterials
designfor manufacturability
design for testability
dual-in-line package
Electronic IndustriesAssociation
first-test yield
integratedcircuit
just in time
material requirementsplanning
private branch exchange
parts per million defective
surfacemount
totalquality control
value-added yield
workin process
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performingis based on the first-testyield (FTY), that is,
the proportionof circuit packs with no defectsdetected
at in-circuit (first) electricaltest. This approach, unfor­
tunately, blurs the difference betweenvalue-added opera­
tions [such as inserting a dual-in-line package (DIP) com­
ponent into a circuitpack] and non-value-added opera­
tions (tasks that do not add valueto the product, such as
inspection, rework,or touch-up). A manager seeing a
first-pass yield of90 percent has no idea whether this is a
product ofeffective manufacturing or extensivetouch-up
prior to the first electricaltest.

Anadjunct to first-testyield is a metric that
measures the quality ofonlythe value-added assembly
processes. The value-added yield (YAY) uses manufactur­
ing defect levelsto calculatethe expected process yield.
To calculatethis statistical measure ofprocess perfor­
mance, the following assumptionsare necessary:
1. All data are collectedprior to any rework.
2. All defects are fixedprior to subsequent processing.
3. All defects occur independently, both withina circuit

pack and between circuitpacks.
4. All defects are consistent with the inspection method

(forexample, visualinspectionassumes no nonvisual
defects).

Defectdata are oftenassociatedwith the number
of leads or number ofcomponentshavinga defect and
are reported in parts per million defective (PPM).We will
assume independence of defects and derivea YAY meas­
ure based on PPM rates. The expected yieldof a circuit
pack,based on the binomial distribution, is px, where p is
the probability of a good componentplacementandx is
the number ofcomponentplacementson the circuit
pack.SinceYAY is the yieldover alloperations,

k
YAY = n p!;

i = 1 I
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select components for changes and for new designs.
Componentconsolidation allowed more effective inven­
tory management and assembly improvements. The
DFMIDIT process has helped to decrease the number of
componentcodes supported by 65 percent.

TQC in Assembly Operations. Besides improving test
and componentquality, it is also necessary to ensure pro­
cess control.The application of total qualitycontrol
(TQC) to manufacturinghas been outlinedby Feigen­
baum.' who emphasizes:
1. Elimination of operations that do not add value (e.g.,

inspectionand repair operations)
2. Application of statisticalqualitycontrol and root-eause

analysisto permanentlyeliminatedefects
3. Migration of responsibility and authority for process

qualityto the process operator.
On the basis of these principles, operators were

trained to record defects and to check process quality
using samplingplans.Accordingly, process checking
was eliminated and operators were instructed and
trained to check their processes and stop the flow when
necessary. In addition, a separate qualityassurance
organization was disbanded and the circuit-pack assem­
bly shop was made responsible for the qualityof its out­
put.To support the shop, qualitycontrol software­
developed by the AT&T BellLaboratoriesQuality Tech­
nologyCenter-was deployed to collectand archive
defect data, and shop and engineering personnel were
trained to use the data to analyze defects. For the pur­
poses of solvingproblems, severalTQC teams were
organized to support continuous improvementin circuit­
pack assembly processes similar to those previously
organizedfor equipment assembly." To reinforce shop
ownershipof process quality, manyteams were chaired
by the shop supervisor. Successful, and not so success­
ful, aspects ofTQC practiceare discussed in Appendix A.

Value-added yield. In additionto implementing the
traditional techniques outlinedabove, it was necessary to
define new metrics to drivebehavior. Traditionally, the
measure of howwella manufacturing operationis
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Table I. Data for Eight Value-Added Operations

Defect rate Number of Success VAYterm
Area (PPM) operations probability (percent)

Tape sequence 1000 200 insertions .999 81.8
SMpaste 300 20devices .9997 99.4
SM placement 5000 20devices .995 90.5
SMreflow 200 1000 leads .9998 81.9
DIP insertion 1000 150 insertions .999 86.1
Axial insertion 800 200 insertions .9992 85.2
Handinsertion 500 50insertions .9995 97.5
Soldering 50 5000 leads .99995 77.9

whereP, = 1 - (PPM of area i)/l,OOO,OOOandn jis

the numberofinserts in area i.
For example, assumethere are eightvalue-added

operations used to manufacture a circuitpack. For each
operation, the defectrate, the numberofcomponents,
and the probability ofproducing a goodcomponent
placement are as shown inTable I. YAY is computed as
the productofthe individual operation probability multi­
plied by the numberofcomponents at each operation.

YAY = exp [200 In (.999) + 20 In (.9997) + .

+ 50 In (.9995) + 5000 In (.99995) 1 = 34%

The impact of inspected-in quality canbe demon­
stratedby the difference between the YAY and the FlY. If
the FlY was75percent, the difference between the two
yields is 41 percent,attributable to non-value-added
inspection and rework. It shouldalsobe clearthat PPM
defect rate is not the only metricto be used for targeting
areas for quality improvement. For example, although
the defectrate at surface-mount (SM) placement exceeds
the defectrate at soldering by two orders ofmagnitude,
SM placement decreases the yield by only 9.5percent
(i.e., 1- .905), compared with a 22percent (i.e., 1- .779)
yield loss in the soldering operation. Thus the operation
defect rate and the numberofcomponents shouldbe con-

sideredwhenselecting an operation for improvement.
Assembly quality results. Activities likethose de­

scribedin the total-quality-control case studies (Appen­
dixA) were repeatedmanytimes. Figure1 shows the
results forDIP and axial-lead-component insertion, illus­
tratingthe exponential reduction ofdefects that wastyp­
icalofthe other processes.

These assembly processimprovements, coupled
withthe quality improvements in incoming components
and circuit-pack design, increased first-test yields (in­
circuittesting) from 55percentto greater than 90per­
cent. Non-value-added operations in circuit-pack assem­
bly (process checking, inspection, touch-up, repair, and
quality assurance inspection) were reducedfrom 40per­
cent to 10percentofassembly shopoperations. More­
over, the non-value-added operations are now primarily
high-speed automatic inspection processesthat
promptly feedbackquality information to assembly and
supportcontinuous improvement.

Reducing Intervals and Variability
Concurrently withthe complementary quality

improvements, a programwasconducted to reduce
manufacturing intervals andvariability by reengineering
the flow ofmaterial.4 Atthe start ofthis program, the
average circuit-pack manufacturing interval wasover2
weeks, with a distribution ranging from 1dayto greater
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shop were not working together and were often working
on itemsthat were not ofhigh priority. Whena high
priority itemdid arise (a daily occurrence), the store­
roomand the shop "dropped everything" and worked on
the "hot" item. The end result was longeraverage inter­
valsand greater variability.

To resolve this conflict, the storeroomagreed to
hold the picksuntil they were requested by the shop.
This "pull" strategyallows the shop to focus on assem­
blingcircuitpacksthat are required in downstream oper­
ationswithout the distraction ofmanaging extraneous
"pushed"material. A simple electronic pull systemwas
designedin which the shop and storeroomhad linked,
identical terminal screens.When a pickis available, the
storeroomoperatorenters the picknumber,description,
and quantity, and the entry is time- and date-stamped and
displayed. When the shop is ready to start assembling
additional circuitpacks, it requests an available pickby
positioning the cursor and strikingan execution key. The
storeroomdelivers the pick, and witha singlekey stroke
on the shop terminal, denotes the pickas delivered. The
pickrecord is time- and date-stamped and removed from
the screens.The time/date stamps track problemsand
provide information such as pickstaginginterval, picks
staged daily, and the storeroomdelivery interval.

Material Flow. Though holdingmaterial in the
storeroomuntil it was requested helped,there wasstill
considerable excess material on the shop floor. Further
improvements in material flow and reductionsin manu­
facturing lot sizes (numberofcircuitpacksofthe same
code processed in a group) would require major changes
in the way the shop managedmaterial flow.

The machine assembly area waschosen because
it accounted for a large portion ofthe totalworkin pro­
cess and wasa majorsource ofvariability. Specialized
machinesare used to insert different typesofcompo­
nents, stencilsolder paste,placedifferent typesofcom­
ponentsfor surfacemounting, reflow-solder, and
automatically inspectfor the presence of inserted leads.
Becausesomecircuit-pack codes might require many
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than 50days. The long intervals were a result of
unwanted material being pushed fromthe storeroomand
to a lackofdisciplined material flow proceduresonce the
material wasdelivered to the shop floor. The strategies
used to resolve these issues will nowbe described.

Pull from the Storeroom. The material requirements
planning (MRP) systemgenerates a picklist,a list that
instructs storeroom personnelwhat to pickfromthe
storeroom and deliver to the shop floor, so that the
necessarymaterial is available for manufacturing pro­
ducts to meet customer orders. Unfortunately, the pick
listswere generated weekly and did not necessarily
reflect the daily needsofthe shop. Furthermore, the pick
list items,or "picks," were pushed onto the shop floor
regardless of the shop floor's ability to accommodate
the material.

The net effect was that the storeroomand the

Figure 1. The incidence of defects decreased steadily over
several months' time as a result of total-quality-control team
efforts. The data here for assembly of DIP and axial-lead
components are typical of that for other processes.
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Figure 2. Production is sUbstantially higher with daily
instead of weekly picks, and with smaller transfer lots (50
versus 200), particularly at lower WIP limits. Data are for a
setup time of 15 minutes for each operation.

Figure 3. Effect of transfer lot size: manufacturing interval
decreases and production increases as the transfer lot size
is made smaller. The numbers In parentheses represent WIP

limits. The setup time is 15 minutes per operation.
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resistors (inserted by a variable-center-distance machine
foraxial-lead components) while others require many
largesurface-mounted devices (requiring severalspecial
surface-mount machines), the processing times through
the machines are quite different. To utilize these facili­
ties efficiently, severalcodes ofcircuitpacksare routed
through the specialized machines simultaneously. Trade­
offs betweencomplex factors must be quantitatively
understood to planfor a major improvement.

One ofthe factors is the number ofcircuitpacks
ofthe same code that are available for processing
together (manufacturing lot size).In practice, the max­
imummanufacturing lot sizewaswhatever the store­
roomdelivered (upto six lots of200 circuitpackseach).
Suchlarge lots cause veryuneven demandon the pro­
cessingmachinesbecausedifferent codeshavewidely
different processingtimes. On the other hand, small lots

meanthat machines must be frequently stopped and
preparedfor processing a different code (set up).

Anotherfactor influencing interval is the transfer
lot size (numberofcircuitpacksmoved from operation
to operation). Typically, the whole manufacturing lot
(200 or more circuitpacks) would go through one opera­
tion, waitfor a material handler to move it to the next
operation, go through another operation, waitagain, and
so on.Thus, the manufacturing interval wasat least 200
timesthe actual processing (butt-to-butt) timeforone
circuitpack. Moving circuitpacksin smallerquantities
between operations (smaller transferlot sizes) would
tend to reduce the manufacturing interval. However, this
breakupofa pickwithin the linecould separatethe
transferlots for the same code, causingadditional set­
ups.Aquantitative understanding ofthe tradeoffs
between the transferlot size, manufacturing lot size, and

AT&T TECHNICAL JOURNAL • JULY/AUGUST 1990
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setup timewas needed.

And finally, the totalnumber ofcircuitpacks in
process (work in process, or WIP) needed to be reduced
to shorten the average interval according to Little's law.>
However, a large number ofcircuitpacks in process pro­
vides flexibility so that a disruption (such as machine
downtime) or long processingtimes at one facility do not
"starve"downstream operations-that is, idle them
because ofunavailable work.

The manufacturing improvement team analyzed
the machine assemblyarea by constructinga computer
model that simulatesthe operation ofthe facilities. The
simulation modelaccommodates anynumber ofcodes,
code-dependent manufacturing, and transfer lot sizes,as
well as code-dependent routing. Periodswhenfacilities
are unavailable, either because ofa breakdown or be­
cause they are being set up for a newcode,are included.

A small sampleofsimulation results is presented
in Figures 2, 3, 4, and 5 for a strategyof limiting overall
WIP. Figure 2 shows the results for a 15-minute setup
time at each operation. The advantages ofdaily picksand
smallertransfer lots are quite clear.Transfer lots ofabout
50and a WIP limit ofabout 2000 circuitpackswould be

AT&TTECHNICAL JOURNAL. JULY/AUGUsr1990

ideal. Asshownin Figure3, increasingthe WIPlimit
beyond 2000 does not add to the production rate but
does increase the manufacturing interval considerably. It
is clear fromFigure 4 that setup times,which were 15to
30minutesat most operations, had to be reduced to 5 to
10minutesto maintain a high production rate withdaily
picks, small transfer lots, and smallWIPlimits.Finally,
Figure5 showsthat the durationofdowntime, if any, had
to be maintained under 1 to 2 hours to managea high
production rate withsmallinterval and inventory.

Withthese parameters, the simulation study
predictedthat the time forcircuitpacks to go through
the machine assemblyprocesses would drop to about30
hours (about2 daysof two-shift production) at a sus­
tained production rate of over 5500 circuit packs per
week. This is less than one-fifth the interval measured in
the trackingstudy. The methods used to reduce setup
times and implement controlof totalWIP to realize this
interval reductionwill be describednext.

Setup Time Reduction. Some generic changes were
used on allassembly machinesto reduce setup times.
Dedicating a smallset ofcircuitpacksto one machine,
thus one operator, gavemore ownership and resulted in



Figure 5. Downtime affects production profoundlyfor any WIP
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Agroup technology strategy,based on the com­
monality ofcomponents used in different circuitpacks,
wasapplied. Programs (files that include the machine
instructions and identifications ofeach component) are
grouped intofamilies according to the number ofcom­
moncomponents, machinesare dedicated to the fami­
lies,and the corresponding components are dedicated
to feeder slots on a machine.

Dedicating components on a machine reduces
setup timeby reducingthe number ofcomponent
changes and adjustments. Components are assigned
dedicated positions according to the number oftimes the
component must be loadedand unloaded per week.
Remaining positions are for the few components that
must be changed.An important operational criterion is
level-loading the machines. Nearoptimal dedication may
be achieved by loading some machinesto 100 percent
and a few machinesto only50percent ofcapacity, but
this is not a practical strategyfor shop operation.

Hard-dedicated slots are slots that dispenseonly

better quality with less effort. Adding program download­
ing capability and networking the machine controllers
withthe engineeringdatabaseallowed the operators to
change machine insertionprogramswitha singlecom­
mand. Although axial-component insertionmachines
havea smallsetup time, dedicating some machinesto
wide component-loading tapes and others to narrow
tapes eliminates setup adjustments. (Anarrowtape holds
most parts,while a widetape is required for axial-lead
devices that are to be inserted intoholes more than 0.8
inch apart.)

Though manydifferent circuit-pack codes are
required for a lineofPBX products,manycodes use some
of the same components. The preferred-component
effort, described under "Components and Design" in the
"Quality Improvements" sectionabove, increased the
multiple use ofthe same componenttype. In addition,
there are manycomponents that have different electrical
properties, but identical mechanical properties (size,
shape, number ofleads, etc.).The use of the same com­
ponentsand ofmechanically identical components in
multiple circuit-pack codes provides an opportunity to
reduce setup times drastically. This setup reduction
opportunity matched the critical need for improvement
in tape sequencingand in DIPinsertion. The use ofdedi­
cationto reduce setup times is schematically illustrated
in Figure 6.

Background: Tape sequencer/DIP dedication. The tape­
sequencingoperation produces sequenced reel tapes,
i.e., axial-lead components taped to twostrips in a spe­
cific sequence, to be used by axial-component (variable­
center-distance) insertionmachinesin the assemblyof
circuitpacks. Each time a different sequence is made on
a tape-sequencing machine, a time-consuming change of
up to 60different reeled components is required. Simi­
larly, DIPmachines insert integratedcircuits (res) into
circuitpacks,and each circuitpack requires a variety of
res that must be loaded on the machinesbefore the pro­
duction run. DIPmachines select components fromup to
65different tubes that are loadedinto machine slots.
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Figure 6. In normal
strategy, machine 1
runs program 1 using
components A, B, C,
L, and M, then runs
program 3 using com­
ponents R, W, X, Y,
and Z while machine
2 runs programs 2
and 4. Components
must be changed at
all 10 slots. In dedica­
tion strategy, pro­
grams having many of
the same components
(families) are
assigned to the same
machine. Common
components are given
assigned positions
(slots), so many com­
ponent changes are
avoided.

Normal strategy

Program 3

Program 1

Dedication strategy

Program 2 B

Program 1

c

Program 4

Program 2

Program 4

Program 3

R w X y P
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one component. Length-dedicated slots (forDIPS)
dispense more than one component, but all of the same
length. Undedicated slots require machineadjustment
for DIPs and componentunloading and loadingfor DIPs
and tape sequences.

Software supportingslot dedication fits into
three general categories: providing input data, determin­
ing the slot assignments (that is, the dedication), and
implementing the dedication. Withoutaccurate and com­
plete input data, dedication is not feasible. The dedication
software uses heuristic techniques and operational con­
straints and minimizes computer run time in order to
provide a usable tool. Implementation must be fast, must
be accurate,and must use feasible engineering resources.
Usingdedication to reduce setups requires an integrated
set ofall three elements.

AT&T TECHNICAL JOURNAL. JULY/AUGm;T 1990

The input data include current machineinstruc­
tion programs with the associated weekly loadand compo­
nent information. In general, two files are required: weekly
loadand a component"grocery"list. Part of the informa­
tion resides in master-scheduling and bill-of-material data­
bases and part in machine instruction directories.

Sequencer reel slot dedication and DIP tube slot
dedication are similar: first, partition machineinsertion
programs intofeasible subsets ("families"); then, adjust
the families by shuffling membershipaccordingto
severalconstraints and goals. The goal is to reduce set­
ups by assigningas manycomponents as possible to
fixed slots (hard dedication) and to provide level-loaded
families. There is a feasibility constraintfor hard
dedication-a part cannot be hard-dedicated if doingso
would mean that some sequence in the family couldnot



be built because too few undedicated slots remain.
For example, 250sequences might have over

800differentcomponents, with an impractical number of
ways 250sequences could be divided into 8 families.
Given the large numbers involved, an optimizing algo­
rithm for dedication is not practicalfrom a run-time per­
spective. Accordingly, both types ofdedicationuse
heuristics to determine the initial families, shuffle the
families to minimize setups, and decide which parts to
dedicate.A dedication is obtained by repeatedly running
the dedicationsoftware tools whilechanging the parame­
ters for each run until there is little improvementwith
further runs. The output files for each family provide
information on slot assignments, programs assigned to
that family, and, for DIP machines, some information
about the hardware configurationof the machines.The
parameters include hardware configuration, the number
of machines available, the required number of families,
and the lot size to be used in the particular area. Parame­
ters are set from experience and trial and error, and
engineering judgment is used to determine the effective­
ness ofa dedication.

Tape sequencer dedication. Tape sequencer dedica­
tion uses a main program and a postprocessor. Afterpro­
vidingthe main program with the number of families to
be considered, it "seeds" each family with some
sequences that are sufficiently dissimilarand high in
volume. The main program then populates the families
with the remaining sequences. After filling all the fami­
lies, it allocatesthe available machines to families, mak­
ing adjustments if necessary to avoidexceeding machine
capacities. The main program then remakes the families
to either minimize setups or to maximize the number of
component overlaps.Aftera fewiterations or after
improvementceases, the main program balances the
loads across the families to a user-specified tolerance and
assigns "virtual" machine slots to each component of
each family. The virtual machine slots are mapped to
actual machine slots by the postprocessor according to
operationalrequirements defined in a user input

parameters file. The postprocessor can also consider the
existing dedication. For example, a completechange of
dedicationfor ten 80-s10t machines would take about 27
hours, but the new dedicationmight be essentiallythe
same as the old dedicationbut moved over one slot.A
history feature in the postprocessor preserves the exist­
ing dedicationto the greatest extent possible.

DIP dedication. Whileover 75 percent hard dedica­
tion was achievedon sequencing machines,onlyabout
30 percent was achievedon DIP machines. Because of the
nature ofICs, part consolidation is more difficult with
DIPs than axialdevices. However, most of the component
change setup time on the DIP machines is for the adjust­
ment for DIP body length. Dedication has limitedthe
number of parts requiring machine adjustment to 5 to 10
percent ofall parts, and these are typically for infre­
quently built circuit packs.

The basic goals in tape sequencer and DIP dedi­
cation problems are similar; however, the details and the
algorithms differsignificantly. Importantdifferencesare
the waythe initial families are created and the waythe
members are shuffled. In DIP dedication, the initial fami­
lies are created to equalize setup times. Afterinitial fami­
lies have been determined, shuffling is done to minimize
setups, then more shuffling is done to level-load families.
A second dedicationlevelminimizes adjustments to
accommodatedifferentDIP lengths. To dedicate the parts
in a family, the number of hard-dedicated components is
maximized, then the remaining componentsare assigned
either to length-dedicated slots or to slots that may
require adjustment (undedicated slots). The postproces­
sor assigns the dedicated components to machine posi­
tions according to user criteria, e.g., hard-dedicated parts
might be placed near the center of the machine to
minimize shuttle travel.

Implementation. Implementinga dedication
involves three main activities:
1. Changing the machine insertion program database
2. Installingthe new programs
3. Printing and distributing shop documentation.
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Insertion and sequencer machine instructions
are computer-generated to reflect new slot assignments,
since several hundred insertion programs may be
involved.

For sequencers, computer programs generate
setup sheets givingthe new slot assignments for each
component (one sheet for each differentsequence), gen­
erate a newverifier test program for each sequence using
the new slot assignments, generate machine instruction
programs, and batch-install the instructions. A singleUNIX
system shell program, executed once on each family,
performs all these actions. (UNIX is a registered trade­
mark ofUNIX System Laboratories, Inc.) The hard-copy
setup information for each family used by the shop is
generated by a document-printing UNIX system shell exe­
cuted once for each family.

AfterDIP dedication, all insertion programs are
altered to reflect the new slot assignments by one call to
a C language program, and new setup information for
each program may be produced at the same time. Setup
sheets, givingthe hard-dedicatedcomponents, the
lengths to set the machine escapements (forlength­
dedicated components), and the machine configuration,
are generated. Acollated set of documents for use by the
shop is made by executing a single UNIX system shell
once for each family. In the past, obtaininga dedication
took weeks of manual effort, and implementingone was
a laborious process of altering hundreds of files, one at a
time. Nowa trial dedicationcan be obtained in less than
an hour for sequencers and less than 10minutes for DIPs.
Once a dedication is chosen, the changes for more than
250programs can be implemented and the documenta­
tion batch-printed, all in less than 15minutes.

In additionto dedicating parts feeding slots,
operational improvementswere implemented to reduce
DIP insertion disruptions. Presentation carts hold addi­
tionalcomponent tubes for replenishment and for the
next code that will be processed. Tubes are positioned
and labeled in the cart just as they will be used in the DIP
insertion machine; this is done for operator convenience
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and to minimize the chance of errors.
Slotand fixture maintenancewas also reduced.

In the past, when a slot broke, the operator reassigned
the component to a new slot.This postpones the prob­
lem rather than fixes it, which is unacceptablewith dedi­
cation, so new procedures allow no reassignment and
require immediate response to slot problems. Dedicated
fixtures reduce the need for program offsetchanges, and
a softwarefeature called board error correction automati­
callymakes minor offsetadjustments;combined,these
nearly eliminatemanualoffsetsetup.

Setup reduction benefits. The dedicationstrategy
has significantly reduced setup times.The average time
to prepare a tape sequencer for processing a newcode
has been reduced from 1y, hours to 15minutes. Daily­
sized lots are assembled with 20 percent fewer machines
than wouldhave been required. Before dedication, a
materialhandler pulled component reels (averaging 20,
but up to 60) from storage racks onto carts for the
machine operators. Nowthe machine operator pulls the
average of three reels required for setup, and no material
handler is necessary. The few necessary reel changes
are accomplishedwith far fewererrors and with less
chance ofhandling damage.

The average time to set up a DIP machine for pro­
cessing a differentcircuit-pack code has been reduced
from 45 minutes to 5 minutes. DIP dedicationhas reduced
the number of components loaded/unloaded for setup by
30 percent and reduced the number of length change
adjustments by over 90 percent. These operationalsim­
plifications contributed to the exponentialreduction of
insertion defects shown in Figure 1.

Limiting total work in process. The final element in re­
engineering material flow in the circuit-pack machine
assembly area was to limitthe total number of packs being
processed. The simulationmodel predicted that the
machine assembly area could have less than one-fifth the
previousnumber of circuit packs in process and still not
have appreciablestarvationbecause of unavailable work.

A simple mechanism was used to limitthe total



work in process in the circuit-pack assembly area. Alim­
ited number of carts, each holding a maximumof40
boards (the number moved to the next operation or the
transfer lot size), were introduced.This is a variation of
normal kanban processes using carts" in that the carts
are not pull signals for particular codes. Each cart has a
card that identifies its present contents, givingthe
circuit-pack code, quantity, process routing, and space
for operator sign-off. Materialflow and total work-in­
process control was accomplishedby asking the shop to:
1. Request material from the storeroom onlywhen

sufficientempty carts are available.
2. Keepall circuit packs on the cart unless they are actu­

allybeing worked on.
3. Movethe cart to an area visibleto the next process

when all its boards have completed a process.
4. Not "split"material on a cart; i.e., if there are repairs

to be made on a circuit pack, return the whole cart to
the responsible operator.

Emptycarts are made available onlywhen circuit
packs that started in that cart have been completed suc­
cessfullyand are loaded onto the progressive assembly
line for final in-line assembly.This simple mechanism
forces the machine assembly area to limit the amount of
material that it is working on and has to manage. It
makes the shop personnel sensitive to disruptions,
because extended or frequent disruptions result in carts
of material stagnating, thus limitingthe number ofcarts
that are available for serving other processes and for
starting new material into the shop. An empty cart
becomes a precious commoditythat everyone in the
shop values.

The shop decides what work it will dispatch, how
it will manage its buffers, and how it will manage its
resources. The reduced number of circuit packs in the
shop simplifies the dispatching problem. For example,
reduced inventorylevelallows the on-floor scheduler
(layoutoperator and material handler) to see that most
circuit packs present on the floor might require exten­
sive surface mount.The scheduler wouldthen have a

bias toward starting circuit packs that require littleor no
surface mount or else suggest that operators be shifted
to increase surface-mount capacity. In order for opera­
tors to "keep busy," everyone needs to cooperate,con­
tinually makingsure that the flow of materialis not dis­
rupted so that empty carts are made available. The cart
control mechanism channels the desire to keep busy into
cooperating to produce the work that is needed. Manage­
ment, by applying pressure to both honor the work-in­
process limitsand meet shipping and quality standards,
encourages all organizationsto cooperate by using sim­
ple mechanisms that everyone understands.

These practices were deployedby a team that
included shop members. There were one-on-one explana­
tions to managers. Written procedures were prepared for
sign-off by involved managers. The strategy and pro­
cedures were explainedto every involved person includ­
ing shop, engineering, and storeroom people,with public
expressions ofcommitmentby managers followed by
questions and discussion.There was specialengineering
support for 3 months (a minimumof an hour ofchecking
with shop operations, answering questions, and resolv­
ing problems, for all shifts every day).

Progressive hand assembly. The final circuit-pack
assembly processes-hand insertion ofcomponents that
cannot be machine-inserted, wave soldering, solder
inspectionand touch-up (if needed), and attachment of
mechanicalparts such as faceplates-are accomplished
on a progressive assembly line. Circuitpacks are con­
veyed,one after the other, through up to 30 individual
operations. Before setup reduction effortsin 1986, 15to
30 minutes was required to prepare the progressiveline
for processing a differentcircuit-pack code.Thus, the
progressive assembly lines processed large numbers of
the same code ofcircuit pack to avoid idlingthe line
operators and equipment.

The concepts of preparing for changeoversoff­
line, or externally, and of simplifying the wholechange­
over process7 were used to reduce setups and disrup­
tions of the progressive assembly lines. Preparing
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components was moved off-line and enhanced to provide
onlyaccurately trimmedand formed components. This
not onlyeliminated further forming by the assembly
operators, but also reduced postsoldertrimming and the
risk oflead clippings remaining on circuitpacks. The
externalcomponent preparation operation loadsindivi­
dual trayswithexactly the right components requiredby
each ofthe operatorsto process the next circuit-pack
code. These component trays are loadedintopresenta­
tioncarts by a material handlerwhile operatorsare
actively processing other circuit-pack codes.The parts
presentation carts haverotatingshelves (similar to those
in jewelry display cases) that position the preloaded com­
ponenttrays for the next circuit-pack code in seconds.

Three activities further improved assembly and
reduced the number ofcomponents requiringleadclip­
pingand forming:
- Engineersworked withcomponent vendorsto change
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the leadlengths and leadforms.
- Designswere changedto use newcomponents and/or

component "footprints"-the sizesand shapes ofthe
areas occupied by components on a circuitboard.
Now, only30percentofthe components preloaded
intothe trays require trimming andforming, as com­
paredwith90percenta few years ago.

- Feedingmechanisms forcommercially available
automatic insertion machines were modified so that
parts that wereformerly insertedbyhand are now
insertedautomatically at lowercost and withlower
assembly defectrates.

Pictorial representations ofthe circuitpacksare
used as assembly aids. Previously, engineersmarkedcir­
cuit packassembly drawings to indicate each assem­
bler's parts and, to aidprocesschecking, those ofthe
previous assembler. Asystemgenerates these pictures
from the common design file, andtheyare easily updated



toreflect anychanges.The assembly aids are displayed
on color monitors and are changed by the operatoras
needed fora newcode,without any setup delay. This
system not onlyeliminates flipping through paperaids
tofind information for the next code, but also provides
the latest version withmuch less engineeringeffort.

Withthe setup improvements discussed so far,
circuit-pack codes ofthe same widthcan be changed
overquickly. The operators switch to the newcode dur­
ing their normalcircuit-pack processingtime,so that
the newcode follows right behind the oldcode.

When switching to packshaving a different
width, an operator used to placea circuitpackinto the
feeding mechanism and make manual adjustments.
Now, the operator adjusts the feedingmechanism by
digitally setting the predeterminedwidth; trial-and­
error manual widthadjustmentis unnecessary. Width
can nowbe adjustedas soon as the line is clear.

Material flow: Results. ByJuly 1987, circuitpacks
werebeing assembled in an averageof4 days, com­
pared to over 2 weeksa year earlier,as shownin Fig­
ure 7. Further, assembly interval was more predictable,
witheveryboard completed within 10daysof starting
comparedto over2 months during the trackingstudy.
These results were achieved not by makingprocesses
workfaster, but by reducingwaiting time and disrup­
tions.Equipment maintenance programs" and the qual­
ityprograms reduced disruptions, productrepair, and
retesting.Shorter setup times reduced idle time and
allowed processingsmallerlots. Implementation of pull
fromthe storeroom,smallerlots, and a limitto the total
number ofcircuitboards being processed drastically
cut the time that boards were waiting to be processed.
The more than threefoldreductionin interval (andin
circuitpack in-process inventory) wasaccomplished
without new processingequipmentor even rearrange­
ment ofexistingequipment. Sophisticated and complex
technology was not used to managecomplex opera­
tions; insteadtechnology was selectively applied to sim­
plifyshop operations (byreducing setup times and

identifying disruptions, forexample). The reduced level
and the visibility of the workin process (the "WIPcon­
trol"carts havebright color-coded bars to identify the
owning shop) allowed each shop to manageflow
through centralized surface-mount facilities in other
shops as well as through its ownfacilities.

Summary and Epilogue
Figure7 shows the distribution of intervals in

Apri11988 withreconfigured circuit-pack assembly
processes. Overall, there has been a greater than
fivefold improvement in material velocity as a result of
the quality and interval initiatives. Furthermore, in com­
parisonwitha few years ago, the same number ofcir­
cuit packsare assembledand tested in halfthe floor
space-and they havehigher yieldsand far fewer
defects.

Evenmore important, improvements continue
to be made evenafter the "official" end ofthe previ­
ouslydiscussed initiatives. For proponents ofjust-in­
time (jIT) supply methods, this is not surprising, since
once the JIT process is started, there are synergiesthat
facilitate continuing improvement. Reductions in
defectsand disruptions allow shorter intervals and
result in less inventory. The shorter intervals allow
quality problemsto be quickly brought backto the
responsible operatorand correctedbeforemore defects
can be created. Reduced inventory makesthe
processesvisible, and further improvement opportuni­
ties becomeapparent.

Someofthe postinitiative improvements were:
1. Reallocating the central surface-mount assembly

facilities to provide each shop withallthe capabilities
needed to process its products..

2. Consolidating facilities in a Ushape to enhance
teamwork and material flow.

3. Placing manyfacilities in-line.
4. Introducing a finite buffer betweensolder paste

printingand placement ofsurface-mount devices.
This improved velocity and ensured consistent
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solder paste propertiesduring placement.
Circuit-pack test has also seen improvement.

Previously, large lots ofcircuitpackswere pushed to the
circuit-pack test area. An informal "hot list"was used to
pull packcodes that were needed to complete systems
fromthe resultingbuffer. Asthe assemblyshops began
shipping smallerbatches (lots) ofcircuitpacks that
matcheddaily requirements for customer systems,the
number ofcircuitpackswaiting to be tested droppedby
a factor ofmore than 3.The drop in component and
assembly defects reduced the need for repair and retest­
ing.An extremely complex, consolidated testing opera­
tionbecameunclutteredand understandable and, there­
fore, easier to manageand more cost-effective.
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Appendix A: Total-Quality-Control Examples
Three examples will be cited in this section. The

first two illustrate TQCteam successes in resolving prob­
lems. The final example illustrates a problem that is
beyond the scopeofaTQCteam's authority.

Example 1: Progressive Assembly Line. Paretoanalysis
ofdefectdata overa 3-month periodshowed that a single
component represented 15percent ofallassembly
defects. The component, a crystal, was not checked dur­
ing in-circuit testing and thereforedid not surface as a
problem in first-pass yield data.The shop supervisor
assigned the crystalproblem to the productengineer.
The layout operatorsuggested that the component was
difficult to insert by hand because other components
obscured the holes intowhich the crystalwas to be
placed. Anotherteam member speculated that the height
ofthe component mightbe causingit to fall over. To
solve the problem, the productengineer rebalanced the
assembly lineso that the crystalwas inserted earlier in
the assembly sequence.In addition, tape wasapplied to
the crystal to hold itvertical. These changeswere imple­
mentedwithin 1week, and whenthe teamfollowed up 2
months later, the problemhad disappeared.

The team then turned its attention to the next
most serious problem, high-profile two-pin capacitors.
The productengineer determined that their location and
height madethem susceptible to being brushed by work­
ers insertingother parts.The linewasagainrebalanced
to delaythe insertion ofthese capacitors, reducingtheir
defectrate by 61 percent.

Example 2: Axial Insertion Machine. Anaxial-lead
capacitor occasionally cracked duringinsertion. The team
theorized that the problemmightbe caused by the capaci­
tor length.The assignedprocess engineerqualified a new
capacitor vendor in 6 weeks. With the cooperation ofthe
shop,both vendors' capacitors were evaluated.

The root cause ofthe crackingwasfound to be a
missing component bodylength specification; the stan­
dard part exceededthe insertion machine limit forbody
length.Since the standardcomponent couldnot be modi-

fied, the newvendorbecamethe supplier ofchoice.
Continuing process improvements, the layout

operatorobserved that the speed ofthe axial insertion
(variable-center-distance) machine appeared to be too
fastfor these capacitors. Working withprocessengineer­
ing, the maintenance mechanic (aTQC teammember)
adjusted the speed ofthe axial machines, and the defect
rate wasreduced further. The action itemwasclosed
after 13months, but its impact wasa 2o-fold reduction in
the defectlevel forcrackedcapacitors.

Example 3: Solder Accumulation. Apersistentprob­
lemwasthe accumulation ofsolderon insertion machine
tooling. Analysis showed that the soldercoatings on the
tooling had a high leadcontent. It wasclear that the
problem couldbe eliminated by reducing the solder's
leadcontent. However, this would requireadoption of
newsoldercomposition specifications by the Electronic
IndustriesAssociation (EIA). Eliminating this problem
wasthereforeoutsidethe responsibility, authority, and
capability oftheTQCteam,and it wasreferred to the
AT&T representative on the EIA committee.

Analysis. Common threads run through these
three examples:
1. Timely Problem Identification. In allthree studies, the

problems were presentedto the teamin a timely
fashion.

2. Cooperation. In the first example (thecrystal), the
productengineerhad to change the division oftasks
on the progressive assembly lineand the shop had to
add an additional taping step. In the second, a vendor
cooperated to resolve the capacitor problem. In the
third (solder accumulation), there wasa need for
industry-wide cooperation.

3. Leadership. The shop supervisor wasrecognized by
allmembersofthe team as having the authority to
assignaction itemsand due dates.The leaderhas an
obligation to control the tone and the direction ofthe
meetingand must be the final arbiteron issues of
ownership and action itemassignment. Whenthe
managersofthe team memberssupportthe leader,
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engineers, and shop personnel involved in the TQC
team, the team is extremely effective.

4. Progress. Progress must be made continually,
although this does not always mean resolving issues
quickly. Aggressive attempts to solve certain problems
quickly, such as the crystal problem, need to be
matched by persistent efforts to resolve certain other
problems, such as the capacitor problem. Even the
solder accumulation problem was promptly referred to
a more appropriate group.

5. Follow-up. In all cases, there is follow-up until there is
clear evidence that the problem has been resolved;
otherwise, the item is left open.

(Manuscript received April 23. 1990)
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