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Abstract

A multistagemanuficturingsystem(MMS) is the nor-
mal paradigmusedfor the final assemblyof a consumable
good, for examplea car or printed circuit board. A simple
MMS consistsnormally of alinear sequencef workstations
at which componentr valueis addedto a product,this is
essentiallyan assemblyline. When planningthe production
schedulingnormally only workstationrepair, failure,andde-
fective piecesareconsideredisstochastie@ventsthatcanaf-
fect the productionratesfor the variousworkstations.Addi-
tionally, it is assumedhatall of theraw materialsnecessary
to assembleahe finishedproductare available,andtherefore
the supply routing problemof raw materialsis not consid-
ered.In thistreatmenbf the problem,we considetthe effects
of strikesandof naturaldisastersA strike or naturaldisaster
canaffectthe MMS itself and/ortheway in which raw mate-
rials areintroducedinto the MMS thatis the supplyrouting
problemis treatedaswell. A numericalexampleis presented
to illustratethe modelthatincludesa strike aswell aswork-
stationrepairandfailure.

1. Introduction

The final assemblyof a consumablgyood canbe mod-
eled by a multistagemanuficturingsystem(MMS). In this
manufcturingsystem,raw materialsin the form of compo-
nent partsare input into the systemat variousstagesin or-
derto producethe finishedproduct. In determiningthe pro-
ductionratesfor the variousworkstationsin eachstage,we
have previously only consideredwvorkstationrepair, failure,
and small fluctuationsdueto defective piecesin the control
model[11, 12, 14].

In thesetreatmentst is assumedhatthe raw materials
arepresenwhenthey areneeded.Thatis the loading stage,
the mechanism$y which raw materialsenterthe MMS, and
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the unloadingor final stage, the mechanismsy which the
finishedgoodsare delivered,are not considerecasa part of
thesemodels. This is anessentiahssumptiorin orderto de-
terminethe productionrates from theseproductionratesthe
demandof raw materialsfor the variousstagescanthenbe
determined.This determinatiorof a timetablefor the arrival
of theraw componentsllows for the systemto utilize a Just
in Timeor stoklessproductionmanufcturingdiscipline(see
Hall [4]). Justin Timemanufcturingsystemsaredesignedo
that large inventoriesof raw materialsare not necessarythe
goalis to keepthe quantity on handof raw materialsto just
meetthe desiredproductiongoal over thetime horizonof the
productionrun. FurthermoreBielecki andKumar[2], shav
thatfor anunreliablemanufcturingsystemthe optimal pol-
icy is a zeroinventorypolicy. Thistimetablemustallow for
all aspect®of the deliveriesof theraw materialsto arrivein a
timely manner

Theroutingof raw materialsinto the MMS is avery dif-
ficult problem. This is oneof the key featuresthat differen-
tiatethelocal perspecitie of aflexible manufcturingsystem
(FMS), from thatof theglobalview of aMMS (seeKimemia
andGershwin[7]). In aFMS, eachpieceneeddo betracked
androutedto all of theworkstationecessaryo completeit,
whereasn the MMS thefocusis ontheglobal procesghatis
moreconcernedvith the throughputof the systeminsteadof
tracking/routingindividual pieces.Note, thateachstageof a
MMS canbeviewedasa FMS.

For the MMS formulationsconsideredn this paper the
trueroutingproblemis notconsideredbut catastrophievents
that affect the delivery of the raw materialsare considered.
We considertwo typesof strikes,primaryandsecondaryPri-
mary strikes directly affect eitherthe productionof compo-
nents,raw materialsor the actuallaborusedin the assembly
procesof theMMS. This is motivatedby the strikesagainst
the automobilemanufcturerGeneralMotors (GM) in 1996
and 19981, 6, 10]. In both casesa small numberof em-
ployeeswenton strike thatproducedessentiapartsnecessary
for the final assemblyof cars. Due to the lack of raw ma-
terialsfor the productionof carsthe assemblylines (MMS)



wereidled. SinceGM utilizes a Justin Time manufcturing
discipline ,thework stoppageatthestriking plantsidled all of
theworkersin all of the plantsproducingtheraw materialsas
well asthosewho assembledhe automobilesin both cases,
GM suffered greatfinancial losses,with total lossesfor the
two month1998strikesreportedas$2 billion sothatthecur-
rentclimatebetweerthe manufcturetGM andUAW (United
Auto Workers) union being lessbelligerent[3]. Secondary
strikesare strikesthat do not directly affect the MMS itself,
but affectthedelivery of raw materialgo beusedn theMMS.
In today’s manufcturingervironment,it is notuncommorto
rely uponraw materialsthat may comefrom greatdistances
andforeign countries.Thustransportatiorof the raw materi-
alsto themanufcturingsiteis of greatimportanceespecially
for Justin Time manufcturingdisciplines. The inclusion of
this featureis motivatedby the United Parcel Service(UPS)
strike in 1997. In this strike, over 65% of the workerswent
on strike, which reducedhe delivery capacityto about30%.
This had a wide impact on the United Statessince UPS is
responsibldor deliveringmorethan80% of all parceld8, 9].

Naturaldisastersan occurthat can affect the MMS in
a wide variety of ways. Thesetypesof catastrophicevents
candirectly affect eitherthe MMS itself, the productionof
raw materials/componentsy thedelivery infrastructure For
an exampleof the applicationof naturaldisasterdo optimal
resourcehanestingwith price fluctuationsseeHansonand
Ryan[5]. Massmortalities, severe weathey or governmen-
tal regulationin the harnestingof a consumabldood item,
for examplesalmon,canhave a greatimpacton thefisheries
industrywhosecanningprocessanbeviewedasa MMS.

The reductionof the assumptiorthat the raw materials
arepresentwhenneededo accountingfor delaysin the de-
liveriesof materialsfor variousreasonsllows for additional
realisminto theplanningof aproductionrunfor aconsumable
good. Thefinal assemblyf anautomobileor a printedcircuit
boardin a MMS providesexcellentmotivation to studythis
problem. In this paper we considerthe effectsof strikesand
naturaldisastergo the routing portion of the raw materials
for the MMS in conjunctionwith workstationrepair, failure,
and small fluctuationsdueto defective piecesin the control
model. Oneof the goalsof this production-schedulingrob-
lem is to reducethe impactof the rare eventsof strikesand
natural disasterson the productionof the final consumable
good.

In Section?2., a linear dynamicalformulation (LQGP
Problemsee[11]) of theMMS is presentedndin Section3.
anumericalexample.

2. LQGP Problem Formulation for MM S

Themodelpresentethereis in thecanonicaform for the
LQGP problemthatoriginally appearsn WestmarmandHan-
son[11] with modificationgor statedependenPoissomoise
[13]. Thelineardynamicalsystemfor the LQGP problemis
governedby thestochastidifferentialequationSDE)subject
to GaussiarandstatedependenPoissomoisedisturbancess

givenby

dX = [AX + BU + Cldt + GAW
—+ [Hl . X]dPl(X, t) + [H2 . U]sz(X, t)

+ HSdP3(X7 t)7 (1)

for generaMarkov processes continuoudime, with m x 1
statevectorX(t), n x 1 controlvectorU(t), r x 1 Gaussian
noisevectordW (t), andg, x 1 space-timd?oissomoisevec-
torsdP,(X(t),t), for £ = 1 to 3. Thedimensionof there-
spectve coeficientmatricesare: A(t) ism x m, B(t) ism X
n, C(t) ism x 1, G(t) ism x r, while the H,(t) aredimen-
sioned,sothat[H: (t) - x] = [>, Huijk(t)Tk]mxq,» [H2(t) -
ul = [3, Hoijr(H)uklmxg, and Hz(t) = [Hzij(t)]mxgs-
The quadraticperformanceindex or cost functional that is
employed is quadraticwith respectto the stateand control
costsjs givenby thetime-to-goor cost-to-gdunctionalform:

VI U= 575000+ [ 0@ U@ @)

where C(x,u,t) = 3 [x"Q(t)x,+u' R(t)u], with the
time horizon (¢,tf). S(tf) = Sy is the quadraticfinal cost
coeficient matrix and C(x,u, t) is quadraticinstantaneous
cost function. The final cost, known as the salvage cost
is given by the quadraticform, x"Syx = Sy : xx' =
Trace[Syxx]. Thecoeficients R(t) andQ(t) areassumed
to besymmetricfor simplicity. TheLQGP problemis defined

by (1, 2).

Considera MMS that producesthe single consumable
commodity The MMS consistsof k£ stageshatform alin-
ear sequencdhat is usedto assemblehe finished product.
StatedependenPoissomoisesareusecdto modelcatastrophic
eventsthat affect the delivery of raw materialsto the MMS.
This advancesthe modelusedin [11], additionallythe state
equatiorfor thenumberof active workstationgs modeledus-
ing statedependenPoissomoise. At time ¢ in themanufc-
turing planninghorizonfor stage;, therearen;(t) operational
workstations.For eachstagei, all workstationsareassumed
to beidenticalandproducegoodsatthesameratec; (t) with a
capacityof producingM; partsperunit time. Eachworksta-
tion is subjectto failure andcanbe repaired. The meantime
betweerfailuresandthe repairdurationis exponentiallydis-
tributed. The productionrate,c;(¢) is a utilization, thatis the
fraction of time busy. The physically realizableproduction
rateis boundedoy 0 < ¢;(t) < d**(t), wherec***(t) =

si(t), =1

{ min(1, si_l(t)ci_nl'((tt))ﬁjl(t)Mi_l , 1<i<k } , Wherethe

maximumproductibnrafte,cgﬂ“z(t), is the minimumvalue of
the physicalproductionrate,1.00 or full utilization, andpro-
ductionlimitationsthatarisedueto a shortfall of production
from the previous stagedueto eithermachinefailure, strikes,
or naturaldisasterswheres;(t) is the impactof strikesand
naturaldisasterson stagei. The strike influenceis usedto
limit the amountof piecesthat canbe producedby a given
stageandis boundedby 0 < s;(¢) < 1, suchthats;(t) = 0
meansthat no productioncanoccut In this formulationthe
productionrateis a parameteof the dynamicsystemandis
adjustedby the controldecision.




The total number of workstationsfor stagei is N;.
Thereforethe evolution of the numberof active workstations
is boundedby 0 < n;(t) < N;, for all time, and canbe
viewedasabirth (repair)anddeath(failure) processr aran-
domwalk onthediscreteinterval [0, V;]. Thedefiningequa-
tion for thenumberof operationalvorkstationsvolvesby the
stochastigprocessisingstatedependenPoissonnoisegyiven

by

dni(t) = dP™ (ni(t),t) — dP" (ni(t), 1), ©)

wheredPE(n(t),t) anddP¥ (n(t),t) areusedto modelthe

repairandfailure processesiespectrely, which dependon

the currentnumberof active workstations. The numberof

active workstations,n;(t), determinesthe arrival ratesand
meanmark amplitudesfor failure and repair eventsrespec-
tively givenby

aF i ={ 13, T 28 < w,

ZF it 1) w © ni(t) =0
i (ng(t),t) = ) pn s (t) = n; . ,
i g jop SPMmi®) =), 1< ni(®) <N

1/>\11.*,
0,

0< ni(t) < N;
n;(t) = N;

N;—ni(t) . )
ZR(ni1), 1) = {ZJ,:l IPlnite) = Ni =l

/2B, 8) =
0 < n;(t) < N; .
n;(t) = N;

The impactof strikes and naturaldisasterson stages,
s;(t), evolvesaccordingto the purely stochastiequation,

dsi(t) = —dPP5(si(t),t) +dPTR(si(t),1)

dP?5 (s:(t), t) + dPT R (s4(t), 1). @)

Theterm—dPP5 (s;(t), t) is usedto modeltheeffectsof pri-

mary strikes. The arrival ratefor this type of strike is deter

ministicin thesensehatnormallythereis afixeddate sayts,

for theterminationof alaboragreementwhichif notresohed
canleadto aprimarystrike. If a primary strike occursatary
stage,thenall stagesof the MMS will becomeidle, thatis
si(t) = 0 for all i. ThetermdP¥%£(s;(t),t) is usedto model
theresolutionof the primary strikeswhich returnsthe stateof
the MMS to prestrile conditions. Theterm —dP; % (s;(t), t)

is usedto modelthe effects of secondarystrikes and natu-
ral disasters.The arrival rate is the meantime betweenthe
occurrence®f suchevents,while thetermdP 7% (s;(t), ) is
usedto modeltheresolutionof secondangstrikesandnatural
disasters.

The surplusaggrejate level representghe surplus (if
positive) or shortfall (if negative) of the productionof pieces
thathave successfullycompleted stagesof the manubctur
ing processThestateequatiorfor thesurplusaggreyatelevel
for stagei = 1 to k is givenby

dai(t) = [M,c,(t)n,(t) + ui(t) — di(t)] dt + gi(t)dwi(t)

IP5dPP8(si(t),t) — I7°dP7 % (si(t),t).  (5)

The changein the surplus aggre@ate level, da;(t), is
determinedby the number of piecesthat have success-
fully completed: stagesof the manufcturing process
(M;n;(t)c;(t)de), that are not defective, and are not con-
sumedby stagei + 1 (d;(t)dt), andby the statusof thework-
stations.Thefirstterm, M;n;(t)c;(t)dt, ontheright handside
of (5) representshe quantity produced.The termw;(t)dt is
usedto adjustthe productionrate wherethe control u;(t) is

expressedasthe numberof piecesper unit time. The term,
9:(t)dW;(t), is usedto modelthe randomfluctuationsin the
numberof piecegproducedfor exampledefective pieces.The
demandterm, d;(t)dt, is the consumptiorof the piecespro-
ducedby stagei by stagei + 1, 0 < d;(t) < M;N;. The
lasttwo termsusePoissonprocesseso representhe effects
of strikes and natural disasterswhere the coeficients, 179

andI?9, arethe expectedvaluefor the shortfll in the num-
ber of piecesproduced. The surplusaggreatelevel, a;(t),

for stagei is dependenbn the numberof operationalwork-

stations,n;(t). The birth anddeathprocessor the number
of operationalvorkstationss anembeddedilarkov chainfor

thesurplusaggreyatelevel. Hence thesurplusaggreyatelevel

is apiecavisecontinuougprocessvhosediscontinuougumps
are determinedby the stochasticprocessfor the numberof

operationalvorkstations.

Thecostfunctionuseds the standardime-to-goor cost-
to-go form (2) that is motivatedby a zeo inventoryor Just
in Time manufcturingdiscipline (seeHall [4] and Bielecki
and Kumar[2]) while utilizing minimum control effort. In
this formulation,the sahagecost,S(ts), is usedto imposea
penaltyon surplusor shortfall of productionat the endof the
planninghorizon. Theterm Q(¢) is usedto penalizeshortfll
andsurplusproductionduringthe planninghorizon,this term
is usedto maintaina strict regimenon whenthe consumable
goodsareto be produced Theterm R(t) is usedto enforcea
minimum controleffort penalty

The regular controlled productionlevel which assumes
the regular or unconstrainedcontrol, ¢;®(t) = ¢;(t) +
u; 8(t)/(M;n;(t)) whenn;(t) > 0, whichanticipatedor the
stochastieffectsof workstationrepairandfailure, defective
parts,strikesor naturaldisastersandis zerowhenn;(t) = 0.
Note, thatwith the assumptiorof regularcontrol,the surplus
aggreatelevel will alwaysbeforcedto bezero,thereforehe
regularcontrolledproductionlevel may not be physicallyre-
alizable. In the caseof a primary strike, ¢;(t) = 0 for all 4,
the regular controlledproductionlevel which is the sameas
theregular controlwould be the numberof piecesthatneeds
to be producedto force the surplusaggrejatelevel to zero,
which clearly is not physically realizable. The constrained
controlledproductionlevel, ¢} (t) = min[c;°8(t), c™*®(t)], is
therestrictionof theregularcontrolledproductionlevel to be
physicallyrealizable. The constrainedtontrolledproduction
rateis usedasthe productionratefor the workstationsn the

stateequationfor the surplusaggreyatelevel (5).

3. Numerical Example of LQGP MMS

For numericakconcretenessonsideaMMS with k = 3
stageswith a planning horizon of 100 days. Let the ini-
tial surplusaggreyate level for all stagesbe zero, the de-
mandbe d;(t) = 530 piecesper day for all stagesthe to-
tal numberof workstations,N;, for eachstagebe 3, 5, and
4, respectiely, the Gaussiarrandomfluctuationsof produc-
tion is assumedabsent(g;(t#) = 0 for ¢ = 1 to 3), and
that secondarystrikes and natural disastersare not consid-
ered (dP7°(s;(t),t) = dP{B(s;(t),t) = 0fori = 1to



3). A single primary strike can occur at the beginning of
day 63 of the planninghorizonwith an expectedtime of 14
daysto resoleitself, thatis the arrival ratesfor the strike are

givenby 1/AP5(si(t),t) = { 863’a;sf) days, g;gg } and
=1 . .
/AR (si(t),t) = { (1]4dg§;’s, zzg; <1 } with animpact

of a shortfall of a 530 x 14 = 7420 pieces. Note that the
effectsof a primarystrike onthe MMS disableor enablepro-
ductionfor all stages.The operationakcharacteristicéor the
workstationsaresummarizedn thetablebelow.

Production MeanTime MeanTime
Stage|| Capacity M; | betweerFailure to Repair
i (pieces/day) | 1/AF (days) | 1/AF (days)
1 238 85.0 0.50
2 143 75.0 0.50
3 178 90.0 0.75
Let &, ; and®;; ; denotethediscretemark transition

probabilitieéi‘or the re’p’airandfailure, respectiely, of j — 1
workstationsfor stagek whentherearei operationalwork-
stationswith transitionmatricesgivenby
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Thecostfunctionalusedis (2) wherethe coeficient matrices

e
o
&

aregivenby
03x3 0O3x3 03x3
S(ty) = [ O3x3 g?; 03x3 ] ;
3x3  03x3  O3x3
[ 11000 0.0 0.0 1
S = 0.0 18000 0.0 ,
| 00 0.0 26000 |
03x3 03x3 03x3
Qt) = [ O3xs G Osxs ]
O3x3 0O3x3 Osxs
[ 11000 0.0 0.0 1
Q:=| 00 18000 00 |,
L 0.0 0.0 25000 |
22 0 0
RHy=|0 22 0 |.
0 0 22

By comparingthe coeficientsof (1) with the stateequations
for the MMS (3,5,4)the deterministiccoeficientsare given

by
) 03x3 O3x3 Osxs
A(t) = | diag[M]|diag[c(t)] 0sxs Osxs |,
3x3 3x3 3x3
O3x3 03x1
B(t)=| Isxs |, C(t)=| —d(t)
O3x3 03x1

wherediag[M] = [M;d; ;]rxx IS the diagonalmatrix rep-
resentation of
the vector M and with the only nonzeo stochasticprocess
andcorrespondingoeficientmatrix givenby dP3 (X (t), t) =

[dP%(n(t), t), dP (n(t), t), dP?5 (s(t), 1), dPTR(s(t),1)] ",

100 -1 0 0 0 0
01 0 0 -1 0 0 0
001 0 0 -1 0 0
000 0 0 0 -7420 0
Hy(t)={0 0 0 0 0 0 —7420 0
000 0 0 0 —7420 0
000 0 0 0 -1 1
000 0 0 0 -1 1
600 0 0 0 -1 1

Using the abore numericalvaluesand assumingthe regu-

lar control the regular andconstrainedtontrolledproduction
ratescanbe determined.The resultsareshown in Figure1l,

Figure 2, and Figure 3 for stagesl, 2, and 3, respectiely.

At the final time of the planninghorizon the percentrela-

tive error of productionfrom the productiongoal is given

by [0.0844%,0.0279%, —0.0401%] ", which meansthat the

productiongoal hasbeenessentiallymetandexceeded.The

discrepang in the percentrelative errorarisesfrom notcom-

pensatingor the effectsof the saturationof the constrained
controlledproductionratesdue to workstationfailure. This

meansthatthereare piecesthat are surplusfor stagesl and
2, which the plantmanagemneedsto consumeon the remain
stagesin a way consistentwith the productiongoals dur-

ing the remainingtime of the manufcturinghorizon. When
this is done, the percentrelative error for all stageswill be

0.0844% for all stages.

Sample Path Realization Regular Controlled Production Rates

3 g 16 T — T
Workstations Stage 1 + _8
° Strike  x E l4r b
= 2+ + i 2
S o
% g 121 B
8 < -—
n 1 2 1k a
=]
S
b1 —
<} —
0 L L L L a 08[ L L L -
0 20 40 60 80 100 0 20 40 60 80 100
Time into Planning Horizon (Days) Time into Planning Horizon (Days)
Constrained Controlled Production Rates Percent Relative Error
g1 —————— _ —
g — S
N (g e— i 5
= — B
= 2
3 o06f 1 8 A
& £
‘5 04 b g 4
S o2 5
e a i
L L L L L L L L
0 20 40 60 80 100 0 20 40 60 80 100

Time into Planning Horizon (Days) Time into Planning Horizon (Days)

Figure 1. Workstations Stage 1: statesamplepath realization,
regular controlled production rates, constrainedcon-
trolled productionrates,andpercentrelative error.

4. Conclusions

The LQGP modelis anextensionof the canonicalLQG
modelfor optimalstochasticontroltheoryanda benchmark
model for computationalstochasticcontrol for hybrid sys-
tems.Thesomavhatgeneraform of the Poissortermsleads
to nonlinearextensionsfor the usualLQG Riccati equation
simplification. However, the Poissontermsand the subse-



Sample Path Realization Regular Controlled Production Rates
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Figure 2: Workstations Stage 2: statesamplepath realization,
regular controlled production rates, constrainedcon-
trolled productionrates,andpercentrelative error.

quentresultsare more interestingfor more realistic appli-

cations,which involve discreterandomjumpsin continuous
time, but at the cost of additional computationalcomplex-

ity. A suddenabor strike or naturaldisastercanhave catas-
trophic consequencethat are much more seriousthan por-

trayedby the typical continuousstatemodel, in additionto

thejumpsdueto the randomfailure andrepairof multistage
manufcturingsystem(MMS) workstations. Our computa-
tional proceduredead to systematicapproximationsto the
MMS model formulatedhere for strikes and other random
catastrophi@vents.

Acknowledgments

The authorswould like to thank the National Center
for DataMining of the University of Illinois at Chicagofor
computationabupportthroughthe National ScalableCluster
Projectpermittinguseof computerfacilitiesat the University
of Pennsylhaniaduringthe developmentof this paper

References

[1] B. B. Auster and W. Cohen, "Rallying the Rank
and File; Online U. S. News April 1, 1996. {URL:
http://www usnevs.com/usnes/issue/llabontm}

[2] T. Bielecki and P. R. Kumar, "Optimality of Zero-
Inventory Policies for Unreliable Manufacturing Systems,
Opemtions Reseath, vol. 36, pp. 532-541, July-August
1988.

[3] S. Franklin, "A Rare Warmth Settleson Detroit;
Chicago Tribune Internet Edition, Septemberl4, 1999.
{URL: http://chicagotribine.com/hsiness/bsinessnes/
article/0,2669,S%-9909140290,FRtml}

[4] R.W.Hall, Zer Inventories Dow Jones-IrwinHome-
wood, lllinois, 1983.

[51 F B.HansonandD. Ryan,”Optimal Harvestingwith

Sample Path Realization Regular Controlled Production Rates

11 T

s T — T
T
N
o 3F + 1 5 a1t i
3 =2 +
= Workstations Stage 3 + ©
25 trike x| g
© € ool ]
rT{: 5 —
L g
g 08 B
oL 1 1 1 1 J o 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100

Time into Planning Horizon (Days) Time into Planning Horizon (Days)

Constrained Controlled Production Rates Percent Relative Error

T— — —F

Production Rate (Utilization)
Percent Relative Error

L L L L
0 20 40 60 80 100 0 20 40 60 80 100
Time into Planning Horizon (Days) Time into Planning Horizon (Days)

Figure 3: Workstations Stage 3: statesamplepath realization,
regular controlled production rates, constrainedcon-
trolled productionrates,andpercentrelative error.

Both Populationand Price Dynamics;, MathematicalBio-
sciencesvol. 148,pp.129-146 May 1998.

[6] W.A. Holstein,”"War of theRoses, OnlineU. S.News
July 20,1998.{URL: http://www.usnevs.com/usnes/issue/
980720/20gm.hth

[71 J.KimemiaandS.B. Gershwin,”An Algorithm for the
ComputerControl of a Flexible ManufacturingSystent, IIE
Trans, vol. 15, pp. 353-362,Decemberl 983.

[8] "PackageDeal; Online NensHour, August19, 1997.
{URL: http://www.pbs.og/nevshour/bb/lisiness/july-dec97/
ups.8-19a.htm}

[9] "Return to Sendef Online News Hour, August 4,
1997 .{URL: http:/lwww. pbs.og/navshour/bb/lisiness/
july-dec97/ups8-4a.htm}

[10] S. V. Roberts, "Labor DesperatelyWalks the
Line,” Online U. S. News March 25, 1996. {URL:
http://www usnevs.com/usnes/issue/25week.htin

[11] J.J. Westmanand F. B. Hanson,"The LQGP Prob-
lem: A ManufacturingApplication; Proceeding®fthe1997
AmericanContol Confeencevol. 1, pp.566-570,1997.

[12] J.J.WestmanandF. B. Hanson,"The NLQGP Prob-
lem: Application to a Multistage Manufacturing Systent,
Proceedingsof the 1998 AmericanContmol Confeencevol.
2,pp1104-11081998.

[13] J.J. Westmanand F. B. Hanson,”State Dependent
JumpModelsin Optimal Control; Proceedingsf the 1999
Confeenceon DecisionandContmol, pp.2378-2384Decem-
ber1999.

[14] J.J.WestmanandF. B. Hanson,"Nonlinear StateDy-

namics: ComputationaMethodsand ManufacturingExam-
ple; to appeatin InternationalJournal of Control, 17 pages
in galleys, 12 November1999.



