
RiMH. F. Jackson
center for AppliedMathemtics
Natimal Bureau of Stat&ds
ai-, MD 20899

Albert W. T. Jmes
center for Manufacturing Wineerirq

National wlreau of stzmkds
mi-, MD 20899



A major mamfacturing resear& faci l i ty is being established a t the
National wlreau of Standards. The Automated Manufacturing Research Facil i ty
has been designed to address the standards and measurement needs fo r the
factory of the future. A five-layer hierarchl'cal control architecture i s
under developat to control the various prodtuction and wrt activities
needed t o drive that factory. ?he praper execution of many of these
activities requires the solutionto one or mre optimization problems. This
pap praposes a decision-making hierarchy which parallels that control
architecture, describes the problem that exist a t each level w i t h i n that
hierarchy, and discusses the work underway a t NBS to address same of those
pmblems.

Manufacturirg plants typically ocartain variws cabinations of people,
cmpters, and machines, wrking together t o maximize corporate profits frwn
the goods they produce. Many of these plants are not meting this goal.

ies,low util izat ion of
ays, all of &ich t a d

tians ke2-e raised w h l ccarpxlter-
, and transporters became canmemially
1-e capital irnrestrnents in this new

the sophisticated ccarpxtter and database
support needed tocontrol this equiplent. me result of integrating these
new technalogies inta exist@ plants i s often referred t o as (-
Integrated Manufacturiq) or I;Ms (Flexible Manufacturirg System). Ihe
effects of this investment and integratim effort were expect& to be
irmeaseaprofitsardlaryer shares of the world

technologies has the potential for an even
a m three major reasons for this suxprisixy
equipment f m m different vendoz~ was far more difficuit than wer
anticipated. daKnstrated the pressing need for software and haxdware
-ace standards. secmki, the contimed use of existing planning and
scheduling strategies often exacerbabd the problemmentionedW e . azis
resulted in very expmsive kat i d l e equipnent and mde it impossible t o
incrwse profits or des- rate of return on capitalinvesbnents. Finally, hcresed dependency on W a t a

g l in these
CIM ernrirorrments, poor andcammicationstrategieshave also
caused equipent t o be idle.

This paper describes the approach under darelopnemt a t the National wlreau
of Standards (NBS) to address these issues w i t h i n the AutaMted Manufacaurirq
FkseamhFacility (AMRF) [Simpsan, Hocken, and Auxrs, 19821.

controlled rcbats,

In general, this has not-. In fact,
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'ihe reminder of this is CcBnpOsed of six sections. A f t e r this
htmdmt0z -ysection,section 2 prwides anoverview of the AMEtF, includhy
itsdesignphilosophy, hierardu'calcontrolarchitecture, 2u-d data maMgementsystem. In sections 3 and 4, we identify the production managemmt and data
management decision problems that exist in the AMRF. Our approach t o solving
the seqming and scheauling problems i s discussed in section 5.
Conclusions are given an3 future work i s outlined insection6. References
are provided insection7.

2. TKE AMRF

2.1 ovarview
The Nat imal wlreau of Standards has a fundamental CCamnibwnt t o prcaaOte

the develope& of standards for autcana- lMrmfacturing sysm and to
transfer technology to Americanindustry. To meet thisresponsibility,the
center for Manufacturing Engineering a t NBS has establishedan apr imenta l
test bed, the AutaaMted Manufacturing Research Facility (AMRF) [Simpsan,
Hocken, and Albus, 19821. I.n%&ry,academia, and other govermnent agmies
have played an active role in this dwel0pen-t ef for t thruugh d h c t
appropriations, equipnent loans,and cooperative ret;Barch programs.

Physically, the AMRF contains weral mbots, machine tools, st~rageand
retrieval systems, ttJ0 wire- guidedvehicles, and l~nerrxzsccanputers. This
ecpi-t includes dmations and purchases frcm fax different rabat
IMnufacturers, three nradnine toolven3ors, and every major caqxter ~QIIPCVIY.
T h i s diversity of suppliers has forced NBS to focus an designhy
and testing uniform software and hardware interfa- and data exdmrqe
formab to address theproblems involved in system integration. Facltory
controlsoftware, a manufacturbq data p-tian system, a distrilxted data
mnagemmt strategy, acclmranzicatians system, and lxrmercllls saso~shave beendeveloped. These individual hardtware 2u-d software CQnpOnents have been
successfully integra- into a worm, flexible, mallbatch lMnufactwing
systan (see Fisure 1).

***Figurelabaathere. * * *
2.2 DesignPbilosoghy

Ihe AMRF is intendsa ta exhibit a greater degree of flexibility and
moaularity than any e y available FKS. To achieve these goals, the
AMRF has adopted the following designmlosophies concerning itscontrolarchitecture. It is:

0

0

0

partitionedinto a functiomlhierarchy in &ich decision making and
-1 functionsresideat thelowestpossible level,
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o design&so that control processes are ccqletely data4riven ard
camunimte via NBS-developed hardware an3 software interfaces which
are uniform t3umcjhout them.

AS noted, the AMRF control architecture is based on the classic
hi-'cal, or tsee-shaped,ccsmuand/feedbadcControl structure (see Figure
2) typical of many cmplex organizations [Auxls, e t dl. , 19841. 'his
approach ensues that the size, functionality,andcmplexity of individual
controlmodules i s lMW. In addition, eachcontrol level i s ca@etely
data-driven. lhat is, the data required to perform its functions i s
separated f m the actualccortrolcode.

~ a c hM e deccanposes input canman% f mitsrmperJisor into procedures
t o be executed a t that level and subcamnrands to be issuedto one or more
subordinate modules (see Figure 2). This decomposition process i s repeated
until, a t the lowestlevel.,a sequence of axrdinated primitive actions i s
generated which actuates cor equipsnt [Albus, Earbem, and Nagel,
19811. ?he status feedback that i s provided to supenrisors by their
subordinates, i s used to close the-1 loopand t o support the adaptive,
real-time,decisionn-akiqdiscussed insectians3 and 4.

Although the flow of control in this hierarchy is strictly vertical and
betwen adjacentneighbors only, it i s necessary and even desirable to share

of data a-one or more levels.Alldab i s mamged by a
, distributed data achninistration system. of
usedtotransrm't to and fram ccoltrol a

axmumiation network.
The follcrwing sectians praride a brief description of the functional

deccanpositionand data mam-methodologyenployedin the AMRF. Details
mn be fcnadinthe references pmvided.

2.3 FunctionalDemapositian
of traditionaldlbatch
thedeamposition [

responsibilities
details can be faund in [Jones andMcIean, 19861.

***F igure3abouthere. * * *
2.3.1 FaeilitVM

level are grcruped into mbqsbms that fall into three major functianal
areas: mmufactxrhq a@.neeriq,informtion managenmt, and pmduction
management.

Manufacturirq engineering f'unctionsare typically carried wt w i t h human
involvement via user=dabinterfaces. lhis inc design
(CAD), Gmup Technology Classification, and Ihe
information management activities pruvide userdata interfaces to supprt
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necessary achninistrative or business managd functions. Pmduction
management ttacks major projects, genera- long-range schedules, identifies
production resunre requirements, de-' the need for additional capital
inveslments to met production goals, determines excess prcduction capacity,
and Gullllllivizes quality pexformance data.
2.3.2 Ghop LRNel

?his levelis responsible for coordlinatiq the proctuction and support jabs
on the shop floor.It is also responsible for theallocationof resaurces t o
those jabs. ?tJ9 major amponent modules have been identifiedw i t h i n shop
control:a task manager and a resaurce manager.

ible for capacity
planning, grauping orders into batches,assigningard releasing batch jobs t o
cells, and tracking individual ordezs to ccarlpletion. The resowce manager is
responsible for allocating the prduction res~urces to inaividual cells,

The task manager of the shop level

managing the repair of existing-, and orderirrg rn-.
2.3.3 CellM

A t this level,batch jabs of similar parts are sequenced thrmgh
workstations andsupervisionis pruvided for varias other support services,
such asmaterialhandling andcalibration.Thecell [Jones andMclkan, 19843
brigs same of the efficiency of a flcw shop tomallbatch production byus- a set of machine tools and shared jab setups to pruduce a family of
similar parts. m AMRF &ls are dynamic production cmtml structures
dchpennit the time sharing of workstationlevelprooessin~systems.
software structure was narrred the 'Virtudl " cell to distinguish it fKlan
prariaas wrealllmanufacturhq cells whit31 are defined by fixed srclrpings of
equipent or machinery on the shap floor. A detailed discussion of the
V i r b u a lOelloo;[Icept is fand in [MZlhn, H W , and BlOam,- 19821.

2.3.4 Workstation Isvel
The activities of mall integrated Mical grarpiqs of shop flwr

equipaMt-- and coordinated a t the mrkstation level. A typical
ZIMRF wormtion cunsists of a robot, a machine tool,a material storage
buffer ard acontrolccmplter. Machining wrkstatians prooess trays of parts
that a mdeli-by the nraterial handlhgm. aheconrtroller sequences
&Pent level =bwst== thraagh jd =w?,part f*inS, artting
processes, chip reMNal, in-pmcess inspectian, j& takedcrwn, ard cleanup
-tions.

Isvdl
are "front-end" syslms that are closely t ied to cammercial
or Wtrialmachinery on the shop floor. Equipmt controllers

are re@zed for rabots, NC machine tools, coordinate measuring machines,
delivery systems, and storage/retrieval devices. Equipnent controllers
perfona two major functians:1) translate workstati a
sequmce of s k l e tasks that can be mersbod by
cmtmller,and 2) dtor the exemticm of
attached to the hardware. 1l.e~~will be rquired for
ltoff-the-&elF*equipmt to pmide extended functionality andamnpatibility
w i t h NBsccntrolcmcepts, until higher level*=endsarehpratedby
system vendars.
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2.4 Data Mani¶g-t
As Mated in 2.2, the con-1 moltules described in the preceding

q l e t e l y data-driven. W management of that data is a key
in the m. 'he data management functian is coilzcerned w i t h

shared data toallmanufacturing processes in a timely, accurate,
and cmpletely t;ransparentmanner. This functionisccsnplicatedby bath the
manufacturing and wing emimnmmt in whichit must be performed. 'he
manufacturing environment requhes dynamic and frequent updates to the data
directoq, data delivery paths whi& are separate fran the existing control
structure, axl localbut efficient r real-timeoperations.
Ihe computing environment consists systems w i t h different
data manipilation languages, data lolls,formats, types, andstructures. mese constraints hply that data will,of necessity, be
physically distribubd arand the factory.

NBS researchers have proposed an amhitecture [Barheyer e t al., 19861
calledIMlXs- on Systen-to manage

from the control
manufacturirq and
of a three-level

hierarchy of data management services:the Basic (BDAS), the Distributes
(m), and the m)Data Administration service rcdules. 'Ihe major
functionsof theseMes am described belaw.
2.4.1 Basic Data

A B I I A S e x i s t s
the services

the AMRF, andit pmides

I)seven-layer model [Data mpcesSirq, 19811. A
has ken inpllanentedin which data stored in a

canpanents which require a cqy of that dab.-data c m e s y s t e m t o ~ , i t m s t b e t r a n s l a t e d
frrrnthescrurce tothe~representatian. Ea&BDAsis
capable of translatins f r a nitsownreprexmtationto an =-defined cmmm
nqresentatian,and vice versa. 5his translation includes type, syntax,
structure, and format.
m also inclu3es a gldml data manipllation language for making

dafxbasequeries.Wimpliesthat ach BEYIS must have a CQamnand translator
to translate frcm this glabal language into the query language or access
mechanism inderstood by the localphysicaldata mnagement tool.Typically,
this toolwill be either a simple f i l e sewer, menr>ry manager, or full
databasenranager,

2.4.2 Distriattea Data Achctnistratim -m
?he middle level in the IMLM hierarchy i s the D i s t r i t u t e d Data

Mmmstration service (m). It i s reqonsible for providing data
. .

management services toall regiding on s@== =iW
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to it. ~ a c hMIAS has six major functiondlmodules: distrilcprted sewice
executive, data manipulation language service,query mming service,
transactionmanager, data dictionary service,and the data asserblyService.

The Dis t r ibu ted Service Esrecutive module provides the interface between
the DWS and the parent control system, locdl m s , and the MUS (see
below). It i s also responsible for all initialization, cmzdination,and
recweryp-.

The Data Manipulation Language (DG) queries f m the IMDAS Globa l
CML into a tree of primitive operations. It then determnes' whichofthese
operationsit cannot perfom. These are passed up to the MUS. The
remaining operations are then sent to the QueryMawingService for eventual
transfer to alocalEWS.

The QueryMappingServicedecapses and restructures ~ c hquery into one
or morequeriesto be executed by suborclinate m s . 'his deccsnposition must
also take into account the capabilities of the data server ( D m , f i l e
sewers, e-.) managing each BDAS database. Each of new queries is

forexecution.
i s responsible for thecontroland management

enforce irrtegrity constraints, amarmme, consistency,replication,ard
reccrvery rules.

The Data Directory Service at the DCSS level integrates the direct0ry
information prwided by the subordinate data l~tion,
strwtme, and delivery paths. The ccaabines data

the GCML forreceived fran multiple 8ouroe8 and
transfer to alocalBDAS.
2.4.3 Master Dab Achrinistration Servi

IheMaSterData ) coordinates the activities of
mlt ip le Di%Ss. lmis ludes rnamging the master data
directory, directing guery execution,msolving-prQbltmS amrq
m s , and contmlling global in i t ia l izat ion, integration,and reooverypmcedms. %%einternal functions of the are identical to those
p e r f o n d a t eachm. It parses a query f m aparticular MIAS, deampes
that query into a tree of operations, debmnes' whicholperationstomuteto
the uther MIASS, and m g e s the iaaof those ans.

In this sectia, wleidentify thedecisionproblems that affect the actual
prodiuction of parts m the shcp floor. We believe that
in any autanated manufacturing f a c i l
philosqhy described in 2.2, Im have
prcblemto ma- theca-rtrolhierarchy descr
data to solve these probleaus~pent, times,alternatives,and
precedenoe relations-am contained in process plans.

As one mves down this decision-mkiqhierarchy, several important
observations can be made caflcerning the nature of problezns. First,
eachlevelnust sequmce thrmagh thelist of jabsassignedbyitsb;tprervisor,
and develop a schedule of tasks for its subodnates. secc9ld, there i s a
dramatic increase in the-of problems t o be solvedand the fnqxmcy
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with which they mst be resolved. 'Ihird, there i s a significant decrease in
the time available to findsolutions.Finally, the infomtion used to solve
them beccms more abmdant, q l e t e , and detenninistic. lhese praperties
will have a tmmendous impact on the techniques used to solvepmblems a t
different levels within this hierardly.

what follows is, in a sense, a laundry list of pmblems, sme classical
and well- recognized, athers new, arising fram the intruiuction of new
technologies into manufacturing systems. Indeed, scane of the pmblems may
insignificant now, but as our ability to understand andcontmlthese
systems increases, the marginal gain fmn having cpti.miL solutions t o

these problems willalso incsease.
3.1Facility Lwel

% faci l i ty levelhas saleresponsibility for thehiness,and st ra tq ic
functionswhich h. Better

techniques are needed capital investmmt
strategies,and many 19861. Existing
meulodologies are unab flexibility in a
meanvlgful = Y e

Another functionperformed a t the fac i l i ty leveli s the manufacturing data
preparation crucial to the actual part prodtuction. schedulesebe
generated for dl of the activities required to cmplete this preparation.
lhese schedules willincl- bath new CUstQner requesb ardmisions toexist* data requhmd OBI the shap flcor. In
adlition,newmoda classificationand cd i rg of
parts from CAD data, c model-, deccanpositionof-lex gecanetries
into primitive features mt can be ma-ard impeded, and thedesign,
revision,andverificationof process plans.

3.2 Bhop
sfbap level reaeives a list of CUstQner requests and any assigned

=Gw=-
&in
the-
used for

ea& batch, estimated start and finish tims a t eachcell,and the
material transfers amng those cells. These plans must be updated any time a
new is issued, an existirg request i s cancelledor given a higher
priority, or a significantproblemoccurs.

also has uverallresponsibility for inventory-1, tool
, capacity planning, and preventive mainteMnce for all@pent

in the dq. lhese activities must be managed t o support the schedules
develaped a t thislevel.

An important issue to be resolved a t the shcp level is future use of
existing techniques for Maeerial and Master productianscheduling. I n a n isionsare pushed
dawntothelamst may rmlonger be
applicable. m,t& i sstillan cpen question.
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3.3 cellmml
A dlcontroller lnust coordinate the activities of its subordinate

workstations to cmplete the jobs assigned by the shcp. Each jab will
require the services of one or mre worktations includirymaterialhandling
dwillusually have stme due date and priority associated w i t h it. W
cellmust sequence through these jobs and develop a schedule of anticipated
start an3 finish times, and priorities for each jab a t each wrkstatian. It
must detennme' which workstations willbe needed, and the order in which they
willbe needed. It must also arrange for therequisitematerialtransfers in
support of that schedule. when conflicts or delays are reported by a
worksbtioncontroller,the cell nust replan, reroute, and reschedule t o
wemane them.

COordiMting the activities a t these workstat
when there exist shopwide, shared msoumes like
In addition, the intmduction of 'Vvirtudl cell
axtplicatethe pmblarrs both a t thecelland the shop levels.

3.4 Mrbtat ionuml
AS noted m e , each workstationamtmller coorrlinates the activities of

its subo~%~ -~~teequipm-rt to exRcute a series of tasks assignedby a cell
controller. Althcmgh the exact nature of the t a s k are wrkstation-
d e , they typically consists of receiving materials, shimirg
materials, setup, takedawn, and a list of features to be machined orinspected. 'Ihe workstationamtmller must generate a sequence in which t o
perform these tasks and a schedule for ea& of itssubordinates.

In addition to the afommnt~.'u rd problems, the mabrial handlhq
workstation co3ltroller has several other p-1- that it nust address.

aredimctly relate3 toitr;primaryrespansibility of
p1ami.q and coordinatw the activities req;nrired to nave trays of materials
araad the factory. It nust locab the material, assigna transportation
device (or devices) t o piclarp and deliver that material, ard determine the
rurtes itwill follow in acecuthq the task. Further,allthese activities
lIhlst be coordinated and nmitomd for possible changes and qxlates.
Assigningtrays to ba-of parts nust also be addmsed. lmis problem

i s licateain an envjimnmmt inwhid.1 a batch size of one or b m is the
rul than the won. U this case, a s-le tray &d oantain
several batches of parts, each having a different germ=try. Further
axplicatians are that deliveries to mre than m e workstation may be
dinedan a single tray and that each transportaticm-ice may be capble
0fa.YXyilqmbl.ethanoaetray.

3.5 wgmmnt mvel
'Ihelastlevelt o be discussed is the eqlipmt level,thelwestlevelin

the hierarchy. There are three classes of equipat: statimmkuts,
machine tools, ardmaterial storage, retrieval,and transport devices. Rre
mamticaldecisionproblems to be solved by ea& equipent oontmller fall
into two major categories. ?he first i s sequencing and sd~eduling. Each
controller nust seqwmce thrcugh the CUITerrt tasks assigned by its
supervisory wrkstation. may be &-ordered, w i t h expctedcapletion
times associated w i t h each task. In additim, thecontroller nust schettule
and ooordinate the activities repired t o execute tasks. mese
activities willbeperfdby the subordinate ~ t m sto eachparticular



ccoltroller (see below). Ihe second set of pmbl€?msi s pmlpnent4epen3ent,
and discussed in more detail in the follcwingsections.

3.5.1 Izabots
R d m t s are used primarily to locate,m e , and handle materials such as

parts, tools, and fixtures. In addition, they perfom hm&ceepiq dutiesto
m e Chips during ma-, and-le ani disassemble fixtures.

are vision, multiple hands and grippezs,ani other
ionto the sequencing and scheduling pmblerns discussed

W e , rcbatmtmllers have several, more th-criticalproblems to salve.
They includepathgeneration,optimal routing for traversing parts, loading
ard unloading materials, and tray l a m .
All robots are required t o manewer thmugh three-dimmsianalspace as

part of their nxtine activities. aSnecessitates the generation of pths
to allow the mbt t o move froan one point to anather. 'Ibis pmblem is
conplicatedby the fact that the robotls work space i s filledw i t h cbstacles.
If the positionof these cbjects =ins fixed, then vlis pmblem can be
solvedoff- line, and to optimality.If,hawever, ckstacles are constantly
mxring into and out of the work , or mingpositionw i t h i n the work
space, then this kemws a &-time problem. In this case, it may be
necessary, due to time oonstraints, to replace optimality w i t h a sub-optimal,
yet feasible and easily gmerated path.

Once the mbot has reached its destination, it nnrst then carry art some
specifiedtask. It may need to pick up a part, to place a part in a fixture,
insert a tool into a tool or any of a rnnatrer o f ather similar
activities. Each of tasks Itpositionixqof the robcrt
m ( s ) befm the activ ?he relat ive or absolute precision

WilldepIdOn thecapabilities of the mbt. For
, a mbot equiFped w i t h a vision system does not require the same

precision as a mbat without a vision system. i s an important pxblem
and cmld be viewed as a solution t o a nonlinear optimization pmblem in
which the objective is to minimize the error in the actual or relat ive
position.

Anather area where optimization methods can be b-t to bear i s in the
loading,unloading and 1 respects,portions of the
@lemSaxe Scaled-dmn . Thus,sameoftheideas
frcm the fac i l i ty layout and l However,all
of these pxblems can be that llllltiple
geunetries may exist in the

with fiKxing
optimal for traversirq parts for inspection,cleaning, and defxuring.
These tasb d l y mquim? several differerrt end-effectors such pmbes,
deburringtaols, etc. Ihe muld be to perform these activities in
a way that is optimal w i t h to SQne ITeamre, perhaps time, number of
two-hamiedm,end-effector changes or p a r trepositioning.

mttexn reccgnitim for vision systems i s aJlother area W
significant optimization problems appec. lbese m e frraa sinple nonlinear
least squarespmblemsthat arise from attenpting to match patterns, to mre
ocrmplicatednonlinear least squares pxblems that arise in canbining small
w i n d m of b i tpaw to formlqer wirdakls for faster scarning.

?he mbot carts that serve the wrkstations nust address sane of the sme
problems as the fixed-positim they may, haever, take on a slightly

mereisaninterest i r q cptimization pmblem
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different look.For-le, path calculations for the robots becaue muting
problems for the carts. m e issue here i s deci-whid path to take to
deliver or pick up trays frcan the workstations. If the cart can travel
fo-and badwaxd, the problem becaanes mrecmplicated.The situation i s
further canplicated by having multiple carts, althoqh the ooordination
activity for this i s performed at the next higher level.The laymt of the
wire-guidedpath i s also a task that lendsitself to ma icalanalysis
and wuld be studied to deterrmne' the best paths to lay down.

centers. .
3.5.2

me AMRF dins three CNC (ccrmprter Nmerically contmlled)nwhhing
centers: hor izonta l , vertial, ard turniry. They are capable of performing
sevd metdl LpM3val operations,ard limited,on-linehspection of parts
and tools. Inaddition,the AMRF has a coonlinate l@maring Mad-Lne (m)to
perform off- line inspection of machined parts. Typically,each ma-
cmter must coordinate the activities of a toolholder(s), p a r t holder(s) ,
spirdle(s), andcoolant sprayer(s). The cantrols a rotary table, probes,
and several other axes of &ion.Each of ib le
for secpencing and scheduling assignedtasks.
tooland collet changes, remaunting parts on the
actual machining andinspectionoperations. These p&l- should be solved
to cpltimality with respect to ~iomeperformance measure, such as rnnnber of
toolchanges, rnnaber of refixturings, time in queue, or nwlber of late tasks.
Again, as noted w i t h the rob& controllers,these probl Bmtst be solve3
often ard quickly.

Machinirg centers hwe several other prablems the -=w,
selectim,and use of tools. Ihe sbrage pmblem ially a tcol
layoutproblem.Ihe pla-of tools in a drum (or other similar device)
can impact the total time reqluired to ma- a . s e t of featues.
Oonsequently, the exact amqpmmt of tools can be n?plresmkd as an
cptimizationproblemin which theabjective i s t o z e t h e t i m e m q u i r e d
to a m the tools required to perfom a set tasks. T h i s
assumes that the tools have almdy been selected, and the order in which
they willbe used i s also )cnawn. Ihesoluti~to these two plxblem became
constraints in W toolplacemmt pdlem. Before the actual cutting canwin, a toolpath, depth of cut, speed and feed must be generated. Finally,
it i s necessary to whid tools will be kept for la te r jds ard
dchM d be sent for storage or use elsewhere.

are

3.5.3 AutaBated storage andRetrim systen
Autcmted storage andretrieval (ps/Rs) - to -1 in-

prpoess, and finished parts, as * erd-effectors, f ' ard
tools. Basically,twodecisionpelems mrst be a-. to
determine the optimal size ard location of these devices thmqhmt the
factory: this is typically an off- lineprcblem. ?he SeCQnd problem i s
cmcemed w i t h the layout of the storage areas. One wmldliketo storeall
of the nmterials requimd for a par t icu la r jab in aamti-area within a
singleASm. But, since
this may not be possible.
allocation pdlem whose
requked to transfer theseite!msto the
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In thissection,weidmtify the decisions involved in executing the data
mamgenmt functions for the m. These decisions can bepartitionedinto
three categories: storage, administration, andc4anrmnication.

4.1 Data Btorageproblems
W i t h i n the ?MU?,data is physically stored on several different devices.

?he need to distribute data physically ac=ross the manufacturing facilit ies is
motivated by the time-criticalityfactor involved in many data requests.
M s i s especially true at the equipent levels of both the control and
decision-n-d&g h i e r a d u'es described abave. Several optlmizatim problems
arise as a result of this decision. First, there is the selectionof the
actual storage devices and their data management capabilities. In xlaae
cases, a s-le f i l e server willsuffice:in athers, a wsticateddata
base matlaw system will be requhd. Anather set of prablems are
amcemed w i t h the locationof data files: 1) haw roanyqiesare needed, 2)
w h e m a r e ~ s t o r e d , a n d 3 ) w h i d l i s t h e m a s t e r ~ .

4.2 Data MdniStratian
distrihtiun of data acloss a heterogerous collection of ccaaplter

system has a significant mct an the strationof that data Tvpical
tim functionsinclude:1) satisadmmmtra

the accuracy and consistency of the data
ControlWerand 3) l n a i m m q

. .
. I

lm,distributed administration
Eachlevelmanages a queue o
into a w q u e r y - t r e e wl o f more

Theseoperatiansmay be carried cut at the sanelevelor, possibly, by one or. The fac t tha tdata i s

within a central ized
lmwn abart epprpaches to

associated with managing

a %ue datew' for a given task, and, 3) coordinatirq theparallelactivities
at all three levels which laay be involved in the ccsnpletionof a single
amplexdataw.L i t t l e i s abazt approaches to solving these
pmblems.

4.3 Data namnmr'caticm
'Ihe transfer of information betwen CQnPuter processles in an aukmated

'cationsystezn
y with om

xnanufacturixq envirownent will be m g e d by a nata cmuun~
(Dcs). lhis implies that pmCeSeS do not cxmmmimb dinctl
amber; rather, tIrey sinply make information available. It is the Dcsws
responsibility t o deliver this information to those pmcesses that require
it,at the time they require it.Ihg protaools for accunpli&dng this data
transfer are being specifiedin the open In-ion standards
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[Data processiny, 19811 CXHnmcDily referred to as MAP (Manufacturing Autamtian

It i s likely that marry of the techniques used to design and m g e
CCBlpxlter h r h [Xleinrcok, 19761 the Vvirtudl cell*Inotion (see 2.3.3)
will have a significant Wct on both the design and real-time
administration of the DCS. 'Ihe difficulties arise from the need to
Wsconnect and connectfl p y s e s , and therefore origin4estination pairs
and paths, fmm one another m real-time. m date, these issues have not
been addressed.

Protocol).

~n important gual that remains for the successful ccq le t ion of the AMRF
i s to expanl the amtml hierafihy described above into a goal-directed
hierarchy inddI planning andmntmlfunctions are carriedout at

appreciation of thebenefits of hierarchiddecaymition of the control
problems within autamated manufacLturing facilit ies. 'Ihequestionddresed
in thissectionis whether it is possible to mimic thishi-'cal approach
toamtmland decclrtlpose the planning process a l o q the same linesdescribed
above for the faci l i ty as a whole.

every level. Intheprecdmg' secti~,theirrtentwastoc#nveyan

5.1 classicdl Approaches
Typically, a shop nmager i s responsible for sequencing and schedulingall

jabs on the shap floor. The result of this ef for t is usually a GA" chart
[Baker, 19741 showing the start and finish times for each job on eachma-. Ihe manager is also required t o update this chart frequatly to
accewlt fo r changes in job and equipat  stab^^.

Ihe limture akax&t w i t h mathmatical prograrrpning, simulation,
heuristic, anl other techniques to aid the manag= in solving these-1-
[Jackson and Jones, 1986; Graves, 1981; Raman, 1986; Sen and Gqta, 19841.
Haever, because of their cxaqmtational requirements and restrictive
assmptions, these terd to have limitedapplicability in a real
manufacbxixq em In mlications such as this, a major
cxmstra- factor & mxnt of acmprtatim that can be performed in
real-time a t eachlevel. islimitedby the cycle time: theperiodof
time aver ach each mDcXule i s responsible for planning and updatinglocal
m s l While this horizon may be 1- at the highest levels in the
hierarchy,it k e c u ~ ~ ~very short a t the 1-levels.

[chioaini, 1986; Fax, 1983; Steffen and Greene, 1986; wysk, Wu
andYang, l 9 8 6 ] h a v e ~ y b e g u n ~ b u i l d e x p e r t s y s t e n S ~ a d d r e s s t h e s e
pr&lems. ~nfortunately, thisvchhas met w i t h l i t t l e success. Expert
systems are expensive and time to build and they are still
ocsnprtatianally inefficient. Fumlexmre, there are not eIlulgh  scheduling
expert9 arand to mte the requkedknmledgebases. oansequently, they
are unable to prwide usefulsolutionsin a timely manner.
5.2 The HierarchicalDeampositionpgprpach

systems. Several [Bitran, 1977; Davis, 1984; ' 1986;
Another recent trend i s to develcp hierarchical planning and scheituling



in sccp and limitedto two or three levels. paper also proposes a
decision--hierarchy for bath production and data mnagement. In bath
cases, sequencing andhedulingp&lems appear a t eveqlevel.Eachlevel
is given a set of goals by itssupewisor f m which it defines a set of
goals for its subordinates. 'Ihese goals consist of an orderedlist of jabs
w i t h praiposed start and finish times. These new goals must be consistent
w i t h those set by the xrcikilels supervisor ad they must cananit the entire
subordinate stmctum to aunifiedand coordirzated course of action.
It is important to understand that, f m n amathematicalpint of view,

this i s a new approach. Heretofore, scheauling was performed a t one time f o r
the whole system, and usually off- line, as mentioned above. 'Ihis new
amma? praposes that each level be responsible for generatirg andma-' itscrwn schedules. These schedules shculd be created quickly and
only as needed. They should a h a obey the constraints imposed by higher
levels. meseamstmmb' are in the form of priorities am- jobs, and
start an3 finish times for each job.

5.3 A Proposed EbaelingMetho&lagy
A s noted in the preoeding section,each level w i t h i n the decison-

h i m y is responsible for schediles for the jcbsassignedby
itssupervisor.wewillmodel jobs as a I@ojectttccnprised of
sevexal activities. W activities are related thruqh a set of preoadenoe-andresaurr=emts. Casequently, the scheduling prablem
at levelcan be viewed as a multi-project, cunstrained resoume prablem.

[Elsayed, 1982; KUtulus and n2lvis, 1982; Pritshr,
Waters, and Wolfe, 19691 have Moped techniques to solvemulti-project,

particular,pritsker a. nradeled this
variables,subscripted by project, task

severdl

job j in project i was ccmpl
objective functions are devel
time, makespan, and

C!m&mmb are also develcped to accQltnt
relatians, jab splitting,due dates, substitutian of resumes, and
-and- jobprfonnaIlcem2&mumb.

D i rec t aFplicatica!of this model to the five levels in the AMRF wmld
require a tleast six subscripts, one for eachlevelin the hierarchy, axxl am
for the timepericd. (To be most accurate, =resubscripts a d be added
for the level,t o accumt for cdFm[LMds given t o actuate shop floor
equipmt.) It a d be easy to see that atten@- tosolvethe schedulhq
problem at cmce in this way willresult in a zero-ane integer prograFtaning
prablem of tremendars proportianst certahly b o larye to be solved in real
time in the average shop.

~e are ptrsuing is to loak at X i t a t each level,Le, t o
deccsnpose the scheduling problem along the sanelinesas thecontmlpmblem
is d m , and to schedule activities a t each level,indeperderR of the
other levelactivities. Ihe resulting solutimyields a set of activities
that are armuqe5 for a subsequent levelprocessor to deampse furMer and
t o schedule. In this way, the 1- pmblem i s deamped into Qnaller
prablems that can be solvedas needed by eachlower-levelprocessor in real
time.

?he

13



?he fullmathematicdl inplications of this approach are nat yeturderstood. For example, a scrims questionarises ' optimality of
the result- set of schedules. Moreover, it is entirely possible that, as

portionsof the feasibilityregionare cmstmined, no even feasible solution
willemerge a t the bottumost level.?hese areseriousproblems that rrmst be
resolved.

We will be attacking this pr&lem empirically. O u r next step i s to
ccwplete the devel0pnm-tof the model praposed above, arld toinvestigatethe
varioussolution teclhniques available in the literature. Then, we will

the results to the fullmodel thathplement it in the m, ard
incorporatesallvariablesand

this process evolves to ever increasing levels ofccmplexity,and ever lqer

cZEZLs in the-.

? t ~ omajor areas related to real-time production planning for autmated
mamfacturixq systems have been inthispaper. First, these
pl-problans have been identifiedandpartitionedinto five layers t o
mat& the mtml hierarchy wder develcpnent for the Autoaaated
W a c t u r h q Facility a t NBS. Secord, a review of the recent
efforts tosolveSQIIE! of these problem has beenincluded.

Future research will focus on two major areas. First, workwillcorrtirate
on the integrated p1-arldOontrolambitecture praposed in [ZO]. That
framsmrk consists of a generic productioncontmlmadule which can be used
at evexy level in the hierarchy, a
cummd/feedback stnxbms to pmide data
mamgement system t o store, up%-,and transfer that
accurate manner. seccmd, we will focus on the dENelcpmt of rmlution

decisionpmblems described in the precEding sections.becm3ucbdinthmeoanCUrrent~. First,wemust
detennine the information, both qualitative and quantitative, requhd to
solve problem. Next, MEmst fird efficierrt &ru&wes for representiq
that infonnatim. Finally, we will atten@t to l~~arrytechnicpes frrrm
-tiom Resemxh and ArtificialIntelligencetosolveeach prpblem.
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