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ABSTRACT

A major manufacturing research f a c i l i t y i s being establ ished a t the
National Bureau o f Standards. The Automated Manufacturing Research F a c i l i t y
will address the standards and measurement needs f o r the factory o f t h e
future. A f ive - layer h ierach ica l c o n t r o l a r c h i t e c t u r e i s under development
t o manage a l l product ion and support a c t i v i t i e s w i t h i n t he f a c i l i t y . The
proper execution o f many o f these a c t i v i t i e s requ i res the s o l u t i o n t o one o r
more opt imiza t ion problems. This paper describes a h ie ra rch ica l planning
arch i tec tu re and t h e decision -making problems that ex i s t a t each l e v e l within
that arch i tec ture .

I(EYw0RDs:

H ie ra rch ica l Contro l , Real - t ime, Optimizat ion, Scheduling, Rout ing.
Automated Manufacturing, Factory Model, F l e x i b l e Manufacturing,

1. INTRODUCTION

Manufacturing plants typical ly cons i s t o f combinations o f people and
machines, working toge ther t o maximize corporate p r o f i t s f r o m t h e goods they
produce. Because o f poor planning and scheduling s t r a t e g i e s , most o f these
plants a r e plagued by large work - in -process inventor ies, l o w u t i l i z a t i o n o f
equipment, i n s u f f i c i e n t throughput, and excessive delays, a l l o f which
decrease p r o f i t s . Hopes f o r a l lev ia t ing these problems were r a i s e d when
automated equipment such as industr ial robots became commercial ly avai lable
and soph is t i ca ted computer technology was developed t o support it. Many
companies made l a r g e cap i t a l investments in these new technolog ies expect ing
that t h e i r integrat ion i n t o ex is t ing p lants would increase their p r o f i t s and
improve their shares o f t h e w o r l d markets.

This has n o t happened, and the problems have no t disappeared. In f a c t ,
t h e i r presence i n these integrated, automated environments tends t o have a
greater negative impact. It i s n o t possible t o increase p r o f i t s o r achieve
the des i red r a t e o f return on cap i ta l investments when expensive equipment i s
i d l e because o f poor planning and scheduling. In addition, because o f t h e
i n t r o d u c t i o n o f new equipment and new technologies in data management and
communications, new problems have been discovered that did n o t e x i s t bef .o re .
C lea r l y , the need e x i s t s t o :

o design b e t t e r techniques f o r so l v i ng t h e o l d problems,
o ident i fy and so lve the new problems, and
o develop an in tegra ted framework f o r so lv ing a l l o f them.

Th i s paper descr ibes the approach under development a t t h e Nat iona l
Bureau o f Standards (NBS) t o address these issues within the Automated
Manufacturing Research F a c i l i t y (AMRF) [l].

The remainder o f this paper i s composed o f eight s e c t i o n s . A f t e r t h i s
in t roductory sec t ion , s e c t i o n 2 provides an overview o f the AMRF, including
the design philosophy used in building it, i t s decompos i t ion i n t o b a s i c ,
h i e r a c h i c a l l y connected components, and a d e s c r i p t i o n o f each o f these
components. Sec t i on 3 describes some o f the c l a s s i c a l approaches t o planning
and scheduling, expla ins why these can no longer be used in t h e automated



fac tory , and describes b r i e f l y a new approach which c a p i t a l i z e s o n t h i s
h ie ra rch ica l design. In sec t i on 4, we identi fy the dec i s i on problems that
e x i s t i n the AMRF, organized along t h e same l i n e s as the h i e r a r c h i c a l
breakdown described in sect ion 2. A framework t o in teg ra te planning and
c o n t r o l i s discussed in sec t i on 5. In s e c t i o n 6, t h e problems o f managing
data in r e a l - t i m e t o support the new s t r u c t u r e a r e discussed. Conclusions
are given and f u t u r e work i s o u t l i n e d in s e c t i o n 7. References a r e provided
in s e c t i o n 8 .

2. THE AMRF

2 . 1 Overview

The Nat ional Bureau o f Standards has a fundamental commitment t o promote
the development o f standards f o r automated manufacturing systems and t o
t r a n s f e r technology t o American industry. To meet t h i s r e s p o n s i b i l i t y , t h e
Center f o r Manufacturing Engineering a t NBS has establ ished an experimental
t e s t bed, the Automated Manufacturing Research F a c i l i t y [1 ,4 ] . Industry,
academia, and other government agencies have played an ac t i ve r o l e in t h i s
development e f f o r t through d i r e c t appropriations, equipment loans, and
cooperat ive research programs.

Physical ly , the AMRF contains severa l robot - tended machining
workstat ions, a cleaning and deburring s t a t i o n , an i n s p e c t i o n s t a t i o n , a
mate r ia l handling system, fac to ry c o n t r o l software, database managememt
systems, and the communications support t o t i e it all together . Basic
pr inc ip les f r o m physics, computer science, the behaviorial sciences, c o n t r o l
theory, operat ions research, and engineering d i s c i p l i n e s have been used t o
t rans fo rm these individual components i n t o a fully integrated, f l e x i b l e ,
sma l l batch manufacturing sytem (see Figure 1).

2.2 Design Philosophy

The AMRF i s in tended t o exhibit a grea te r degree o f f l e x i b i l i t y and
modularity than any currently avai lable " f lex ib le manufacturing system " . To
achieve these goals, t h e AMRF has adopted the f o l l o w i n g design p h i l o s o p h i e s
concerning i t s c o n t r o l a rch i tec tu re . It i s :

o par t i t i oned i n t o a func t iona l h ierarchy in which t h e c o n t r o l
processes a r e completely data driven and communicate v i a NBS-
developed hardware and s o f t w a r e i n t e r f a c e s w h i c h are un i f o rm
throughout the AMRF,

machines equipped w i t h sensors,

techniques in so f tware engineering and a r t i f i c i a l i n t e l l i g e n c e .

o designed t o respond in r e a l - t i m e t o performance data obtained f r o m

o implemented in a distributed computer environment using s t a t e - o f - t h e - a r t
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Figure 1. The Automated Manufacturing Research F a c i l i t y .
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As noted above, t h e AMRF c o n t r o l a rch i tec ture i s based on t h e c l a s s i c
h ie ra rch ica l , o r tree -shaped, command/feedback c o n t r o l s t ruc tu re (see Figure
2) t yp i ca l o f many complex organizat ions [2 - 51 . This approach ensures that
the s i z e , functionality, and complexi ty o f individual c o n t r o l modules i s
l i m i t e d . Although the f l o w o f c o n t r o l in t h i s hierarchy i s s t r i c t l y v e r t i c a l
and between adjacent neighbors only, it i s necessary and even des i rab le t o
share ce r t a i n classes o f data across one o r more l e v e l s . In addit ion, each
c o n t r o l l e v e l i s complete ly data -driven. That i s , the data r e q u i r e d t o
p e r f o r m i t s functions i s separated f r o m the actual c o n t r o l code. A l l data i s
managed by a distr ibuted data administ rat ion system [ll]and transmit ted t o
and f r o m c o n t r o l processes via a communication network that was designed t o
be compatible w i t h the Manufacturing Automat ion P r o t o c o l s (MAP) [ 1 2 ] , but has
n o t been fully implemented a t t h i s wr i t i ng .

2.3 Functional Decomposition

An analysis [1,4] o f t r a d i t i o n a l sma l l batch manufacturing systems
provided the foundation f o r the decomposit ion o f the c o n t r o l funct ions i n t o
f i v e leve ls : fac i l i t y , shop, c e l l , workstat ion, and equipment. A c t i v i t y a t
each o f these l e v e l s i s data -driven, and each can be expanded t o y ie ld a more
t r ad i t i ona l , t r e e - l i k e hierarchy as depicted in Figure 2. This s t r u c t u r e
prov ides a convenient mechanism f o r describing the functions o f the automated
f a c i l i t y and the databases needed t o meet manufacturing requ i rements . Th is
d iscuss ion i s given next.

2 .3 .1 F a c i l i t y L e v e l

A t t h i s highest l e v e l a r e implemented the " f r o n t o f f i c e " funct ions that
a re typical ly found in sma l l batch manufacturing f a c i l i t i e s . A c t i v i t i e s a t
t h i s l e v e l are grouped i n t o subsystems that fall i n t o t h r e e m a j o r f unc t i ona l
areas: manufacturing engineer ing, in fo rmat ion management, and product ion
management.

Manufacturing engineering funct ions are typical ly ca r r ied o u t w i t h human
involvement via user -data inter faces. T h i s inc ludes computer -aided design
( C A D ) , Group Technology C l a s s i f i c a t i o n , and process planning. The
i n f o r m a t i o n management a c t i v i t i e s provide user -data i n t e r f a c e s t o support
necessary administ rat ive o r business management funct ions. Produc t ion
management t racks ma jo r p ro jec t s , generates long -range schedules, i d e n t i f i e s
production resource requirements, determines the need f o r addi t ional c a p i t a l
investments t o meet product ion goals, determines excess product ion capacity,
and summarizes quality performance data [ 2 , 8 ] .

2 . 3 . 2 Shop L e v e l

T h i s l e v e l i s respons ib le f o r coordinat ing the product ion and support
j obs on t h e shop f l o o r [ 2 , 8 ] . It i s also responsib le f o r t h e a l l o c a t i o n o f
resources t o those jobs . Two ma jo r component modules have been i d e n t i f i e d
within shop c o n t r o l : a task manager and a resource manager.
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Figure 2 . Expanded AMRF Control Hierarchy.
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The task manager o f the shop l e v e l system i s responsib le f o r capacity
planning, grouping orders i n t o batches, assigning and r e l e a s i n g batch j o b s t o
c e l l s , and tracking individual orders t o complet ion. The resource manager i s
responsible f o r a l l oca t ing t h e production resources t o individual c e l l s ,
managing the repai r o f e x i s t i n g resources, and order ing new resources.

2.3.3 C e l l Leve l

A t t h i s l e v e l , batch jobs o f s im i la r parts are sequenced through
workstat ions and superv is ion i s provided f o r various o t h e r support se rv i ces ,
such as mate r ia l handling and cal ibrat ion. The c e l l [ 7 ] brings some o f t h e
e f f i c i e n c y o f a f l o w shop t o smal l batch produc t ion by using a s e t o f machine
t o o l s and shared job setups t o produce a family o f s i m i l a r par ts . The AMRF
c e l l s are dynamic production c o n t r o l s t ruc tu res which p e r m i t t h e t i m e shar ing
o f works ta t ion l e v e l processing systems. This sof tware s t ruc tu re was named
the "virtual " c e l l t o dist inguish it f r o m prev ious " r e a l " manufacturing c e l l s
which are def ined by f ixed groupings o f equipment o r machinery on t h e shop
f l o o r . A detai led discussion o f the virtual c e l l concept i s found in [ 6 ] .

2.3.4 Workstation Level

The a c t i v i t i e s o f sma l l in tegra ted physical groupings o f shop f l o o r
equipment are d i r e c t e d and coordinated a t the workstat ion l e v e l [ 2 , 8 ] . A
t yp i ca l AMRF workstat ion cons is ts o f a robo t , a machine t o o l , a m a t e r i a l
s torage buf fer and a c o n t r o l computer. Machining workstat ions process trays
o f parts that are de l ivered by t h e mater ia l handling system. The c o n t r o l l e r
sequences equipment l e v e l subsystems through job setup, pa r t fixturing,
cutt ing processes, chip removal , in-process inspect ion, j o b takedown, and
cleanup operat ions.

2 .3 .5 Equipment Leve l

These are " f ron t - end " systems that are c l o s e l y t i e d t o commercial
equipment o r industr ial machinery on the shop f l o o r . Equipment c o n t r o l l e r s
[ 2 , 8 ] a r e requ i red f o r robo t s , computer numerical c o n t r o l (CNC) machine
t o o l s , coord ina te measuring machines, delivery systems, and s to rage / re t r i eva l
devices. The func t ions o f the equipment c o n t r o l l e r are t o t rans la te the
commands f rom t h e works ta t i on c o n t r o l l e r into a sequence o f s imple tasks that
can be understood by the vendor -supplied c o n t r o l l e r and t o m o n i t o r the
execu t ion of these tasks v i a the sensors attached t o the hardware. These
c o n t r o l l e r s will be r e q u i r e d f o r " o f f - t h e - s h e l f " equipment t o p r o v i d e
extended functionality and compatibi l i ty w i t h NBS c o n t r o l concepts, until
higher l e v e l f ront -ends are incorporated by system vendors.
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3. APPROACHES TO PLANNING AND SCHEDULING PROBLEMS.

In t h e preceding sec t ions , the intent was t o convey an appreciat ion o f
the b e n e f i t s o f h i e r a r c h i c a l decomposi t ion o f t h e c o n t r o l problems within
automated manufacturing f a c i l i t i e s . The ques t ion addressed in the remainder
o f t h i s paper i s : I s it poss ib le t o m i m i c t h i s h ie ra rch ica l approach. t o
c o n t r o l and decompose the planning process along the same l i n e s descr ibed
above f o r the f a c i l i t y as a whole? Befo re answering t h i s quest ion, we
presen t a b r i e f rev iew o f some other approaches.

3 . 1 C lass i ca l Approaches

Tradi t ional ly, planning and scheduling problems have been analyzed
w i t h o u t decomposing them i n t o subproblems [13 - 151. The l i t e r a t u r e abounds
w i t h mathematical programming, s imulat ion, heur is t ic , and other techn iques
f o r solv ing these problems under specia l conditions. Because o f t h e i r
computational requirements and r e s t r i c t i v e assumptions, these approaches tend
t o have l i m i t e d appl icabi l i ty in a r e a l manufacturing environment. They are
typ ica l l y unable t o provide u s e f u l so lu t i ons in a t i m e l y manner. It i s hoped
that the h ie ra rch ica l approach described here will prov ide t h e mechanism f o r
so lv ing these problems in the t i m e l y and e f f i c i e n t manner r e q u i r e d .

Since t h i s i s n o t a survey paper, no a t tempt i s made h e r e t o provide a
full r e v i e w o f the l i t e r a t u r e in these areas. F o r more i n f o r m a t i o n on the
s t a t e - o f - t h e - a r t in these t rad i t iona l approaches, we d i r e c t the reader t o
some o f t h e already existing, and wel l - done, l i t e r a t u r e reviews [24 - 271 , o r
t o t h e conference proceedings that a r e also avai lable [34 ] .

3 .2 Recent Advances

In prac t ice , p lanners and dec is ion makers always decompose t h e i r
di f f icul t problems i n t o subproblems. Typ ica l ly , these subproblems a r e then
given t o exper ts t o solve, and the dec i s i on maker m u s t combine these
individual so lu t i ons t o obta in t h e s o l u t i o n t o t h e o r i g i n a l prob lem.
Researchers [28 - 331 have recen t l y begun t o use concepts f r o m A r t i f i c i a l
I n t e l l i g e n c e ( A I ) t o attack these planning and scheduling problems in
p r e c i s e l y th i s manner, w i t h l i t t l e success t o date. Other researchers [ 1 6 -
231 have combined A I techniques w i t h t h e pr inc ip les o f h i e r a r c h i c a l c o n t r o l
t o address some o f these problems, but r e s u l t s have been l i m i t e d t o t w o
l e v e l s o f hierarchy. No one t o our knowledge has at tempted t o develop an
in teg ra ted framework which addresses a l l o f t h e planning and scheduling
problems in an automated manufacturing system.

3.3 A New Approach

T h i s paper expands the c o n t r o l h ierarchy descr ibed above i n t o a
goa l - d i rec ted.h ierarchy in which both planning and c o n t r o l funct ions a r e
c a r r i e d o u t a t every l e v e l . The amount o f computat ion that can be per formed
in r e a l - t i m e a t each l e v e l i s l i m i t e d by the planning h o r i z o n : the p e r i o d o f
t i m e over which t h e module i s responsible f o r planning and updating l o c a l
goals. These goals must be c o n s i s t e n t w i t h those s e t by the modu le 's
s u p e r v i s o r and they must commit t h e e n t i r e subordinate s t r u c t u r e t o a un i f i ed
and coord ina ted course o f ac t ion . T h i s course o f ac t i on , if s u c c e s s f u l l y
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completed, should r e s u l t i n a l l goals being achieved. In pursuit o f these
goals, each module decomposes the input commands (see sect ion 5.2 .2 ) f r o m i t s
superv iso r i n t o procedures t o be executed a t that l e v e l and subcommands t o be
issued t o one o r more subordinate modules (see Figure 3) . T h i s decomposi t ion
process i s repeated until, a t t h e l o w e s t l e v e l , a sequence o f coord inated
p r im i t i ve actions i s generated which actuates shop f l o o r equipment [ l o ] . The
s ta tus feedback (see s e c t i o n 5.2 .2 ) that i s provided t o superv isors by t h e i r
subordinates, i s used t o c lose the c o n t r o l loop and support adaptive,
r e a l - t i m e , dec is ion making a t each l e v e l .

4. REAL-TIME DECISION PROBLEMS

In t h i s sect ion, we ident i fy the r e a l - t i m e dec i s ion problems that e x i s t
in the AMRF, which we be l i eve are representa t i ve o f those t o be found in any
automated manufacturing fac i l i t y . The discussion i s organized according t o
the f i v e - l e v e l hierarchy o f manufacturing system funct ions described above.
What f o l l o w s i s , in a sense, a laundry l i s t o f problems, some c l a s s i c a l and
wel l - recognized, o t h e r s new, a r i s i ng f r o m the i n t r o d u c t i o n o f new
technolog ies i n t o manufacturing systems. Indeed, some o f t h e problems may
seem insignif icant now, but as automated systems become more soph is t i ca ted ,
t h e marginal gain f r o m having optimal so lu t i ons t o these problems c o u l d
become ex t reme ly s ign i f i can t .

4 .1 Equipment L e v e l

The f i r s t l e v e l t o be discussed i s the equipment l e v e l , the l o w e s t l e v e l
i n the hierarchy. The general r u l e f o r t h i s l e v e l i s that once a p iece o f
equipment i s instructed t o do something, it m u s t determine how b e s t t o
per form it. The equipment on t h e shop f l o o r i s bas i ca l l y o f two types:
robots and machine t o o l s served by t h e robots. In addition, we have
separated the automated storage and r e t r i e v a l system i n t o a third category
because o f i t s spec ia l ac t i v i t i es . A l l th ree catagor ies a r e d iscussed below.

4 . 1 . 1 Robots

The mathematical dec is ion problems t o be addressed a t the equipment
l e v e l include path generat ion, optimal rout ing f o r t rave rs ing parts f o r
i nspec t i on , sequencing o f tasks o r a c t i v i t i e s with p r i o r i t i e s , and loading,
unloading, and layout o f par ts and t o o l trays.

Sequencing p r i o r i t i z e d a c t i v i t i e s i s an area where much i s already
known. The l i t e r a t u r e i s extensive. on the s ing le machine scheduling, o r
sequencing, problem. In the automated manufacturing arena, t h e chal lenge i s
t o solve these problems in r e a l t i m e , and in such a way that the schedule can
be changed as o f t e n as desired when cond i t i ons change. There has been some
w o r k on t h i s . See, e.g. , [ 2 5 ] .
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The inspec t i on r o b o t s and t h e cleaning and deburring robo t s b o t h r e q u i r e
paths t o be generated f o r t h e movement o f t h e i r arms and hands. These, o f
course, should be opt ima l paths; e.g., sho r tes t , l o n g e s t , f a s t e s t , o r
cheapest depending on t h e s i t u a t i o n . In fac t , in some cases opt imal i ty may
n o t be appropriate and should be rep laced w i t h a sub -opt imal, ye t f e a s i b l e
and e a s i l y generated path. Obstacle avoidance techniques must be included in
t h i s e f f o r t a lso .

Another area where o p t i m i z a t i o n methods can be brought t o bear i s i n t h e
loading, unloading and layout o f t rays o f parts and t o o l s . Por t ions o f t h i s
are fac i l i t y layout problems, thus some o f the ideas f r o m the f a c i l i t y layout
and design l i t e r a t u r e could be use fu l . The problems can be compl icated by
the poss ib i l i t y that mul t ip le geometries may e x i s t i n the same tray.

There i s an i n t e r e s t i n g o p t i m i z a t i o n problem concerned w i t h finding
opt ima l r o u t e s f o r t ravers ing parts f o r inspect ion, cleaning, and deburring.
The o b j e c t i v e i s t o per fo rm these a c t i v i t i e s in a way tha t i s o p t i m a l w i t h
respect t o some measure, perhaps t ime, number o f two-handed moves, o r number
o f reconf igura t ions such as end - e f fec to r (e.g., gripper, assembly t o o l ,
cleaning and deburring t o o l ) changes o r par t repos i t ion ings .

Another problem area i s in the p rec i se pos i t i on ing o f r o b o t arms a t the
end o f a path. This i s an important problem and could be v iewed as a
s o l u t i o n t o a nonl inear o p t i m i z a t i o n problem in which the o b j e c t i v e i s t o
min im ize t h e e r r o r in the actual pos i t i on .

P a t t e r n matching f o r robo t v i s i o n systems i s another area where
s ign i f i can t o p t i m i z a t i o n problems appear. These range f r o m simple non l inear
l e a s t squares problems that a r i se f r o m attempting t o match p a t t e r n s , t o
non l inear l e a s t squares problems that a r i s e in combining sma l l windows o f b i t
pa t te rns t o f o r m l a r g e r windows f o r f a s t e r scanning.

The r o b o t ca r ts that serve t h e workstat ions must address some o f t h e
same problems as the f i x e d - p o s i t i o n robo ts ; they may, however, take on a
s l i g h t l y d i f f e r e n t look . For example, path calculat ions f o r the robots
become rout ing problems f o r the ca r t s . The issue h e r e i s deciding which path
t o take t o deliver o r pick up trays f r o m the works ta t ions . If t h e c a r t can
t rave l forward and backward, the problem becomes more complicated. The
s i t u a t i o n i s further complicated by having mul t i p le c a r t s , although the
coord ina t ion act iv i ty f o r t h i s i s performed a t t h e next higher l e v e l . The
layout o f the w i r e - g u i d e d path i s a l so a task tha t lends i t s e l f t o
mathematical analysis and could be studied t o determine t h e b e s t paths t o
lay down.

4.1.2 Machine Tools

The d e c i s i o n problems that e x i s t f o r machine t o o l s are s i m i l a r t o those
described above f o r robo ts . Perhaps pr inc ipal among these i s t h e scheduling
o f a l l a c t i v i t i e s and s u b - a c t i v i t i e s that occur. Examples o f these
schedulable a c t i v i t i e s are t o o l changes, re f ix tur ings, chip remova l , c o o l a n t
spraying, and general housekeeping. The schedule should be op t ima l w i t h
respect t o some performance measure, such as number o f t o o l changes, number
o f re f ix tur ings, t i m e i n queue, o r number o f l a t e tasks.

A l s o associated w i t h t h e machine t o o l i s the layout p rob lem o f
determining t h e op t ima l placement o f t o o l s in t h e t o o l drum. A n obv ious
appl icat ion of o p t i m i z a t i o n techniques r e l a t e d t o t h i s problem i s min im iz ing
the number of t o o l s required f o r per forming a given sequence o f operat ions.
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Included here ,
kept f o r l a t e r

Jus t as

too , i s the problem o f deciding which t o o l s o n hand should be
j o b s and which should be s e n t f o r storage elsewhere.
in the case o f the industr ia l robo ts above, t o o l path

ca lcu la t ions a r e r e q u i r e d f o r these machine t o o l s . Last ly, t h e r e i s t h e
problem o f developing diagnostics f o r t o o l wear and determining how and when
t o recover f r o m e r r o r s .

4.1.3 Automated Storage and Ret r ieva l System

The automated storage and r e t r i e v a l sytem has basica l ly t w o d e c i s i o n
problems that must be addressed. The f i r s t i s determining optimal b u f f e r
s izes f o r allbuffer storage areas. The second problem i s concerned w i t h t h e
layout o f the storage areas. In t h i s l a t t e r case, the o b j e c t i v e i s t o s t o r e
a l l the par ts and t o o l s r e q u i r e d f o r a given task toge ther in one o r more
contiguous storage bins. O f course, t h i s i s diff icult t o accomplish s i n c e
storage areas are requ i red and re leased frequent ly , leaving ava i lab le
po r t i ons spread throughout the storage b in area. This i s a prob lem in
dynamic storage a l l o c a t i o n and planning f o r storage needs. I t s s o l u t i o n
would have consequences f o r the t i m e r e q u i r e d t o t r a n s f e r these i tems t o the
works ta t i on f o r processing.

4.2 Workstation L e v e l

In general , most o f t h e same kinds o f problems that appear a t t h e
equipment l e v e l appear a l s o a t the works ta t i on l e v e l , w i t h the addit ional
problem o f coordination o f sub - ac t i v i t i es a t the equipment l e v e l .

4.2.1 M a t e r i a l Handling

F o r the mate r ia l handling workstat ion, the f i r s t p r i o r i t y task i s t o
decide the sequence in which t o per form t h e tasks assigned t o it. In the
case o f mu l t i p le ca r t s , decisions must be made about which c a r t t o be
assigned t o which task. Then, an optimal routing f o r the ca r t ( s ) mus t be
computed. Lastly, a l l these a c t i v i t i e s must be coordinated and moni tored f o r
poss ib le changes and updates.

A l s o t o be coordinated by t h i s works ta t ion i s t h e storage and r e t r i e v a l
o f equipment a t the workstat ion and a t the inventory w o r k s t a t i o n (warehouse) .
Planning i s requ i red h e r e t o min im ize the number o f s t o r e s and r e t r i e v e s
r e q u i r e d t o per form a task, w h i l e r e s t r i c t i n g the s i z e o f l o c a l b u f f e r s .

Tray layout f o r mixed and'non -mixed geometries m u s t be per formed a t t h i s
l e v e l , a lso. This prob lem could be complicated by having m u l t i p l e batches o f
parts on one tray, each o f which may have d i f f e r e n t geometries. A f u r t h e r
compl icat ion i s that d e l i v e r i e s t o more than one works ta t ion may be combined
i n t o one tray. It i s n o t c l e a r whether this l a t t e r problem can be r e s o l v e d
a t t h e wo rks ta t i on l e v e l o r must b e passed up t o t h e c e l l .

4 . 2 . 2 Quality Contro l Workstations

A t these w o r k s t a t i o n s , there i s again t h e prob lem o f sequencing tasks o r
a c t i v i t i e s . For t h e inspec t i on workstat ion, t h i s cons is ts o f determin ing
wh ich j o b s t o inspec t and when, as w e l l as which inspect ion a c t i v i t y t o
p e r f o r m a t which t i m e . Once these have been determined, the dec i s i on about
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which probes t o use t o i nspec t must a l so be made. Then, a f t e r inspect ion has
been completed, some par ts will have t o be scrapped and some will be
candidates f o r rework. There a r e d e c i s i o n problems h e r e that r e l a t e t o t h e
costs and b e n e f i t s in each case. They m u s t be resolved in light o f due
dates, p r i o r i t i e s , and other ex is t ing jobs. Once these dec is ions are made,
the rework par ts must be put i n t o a tray f o r further processing. There i s a
tray layout problem that must be solved. Again, some r e s u l t s f r o m the
f a c i l i t y layout l i t e r a t u r e may help here. It i s a l so poss ib le that an exper t
system may be usefu l in t h i s process.

For the cleaning and deburring works ta t ion , it i s important t o n o t e
that, s ince it consists o f t w o robots, assigning tasks f o r it may ve ry l i k e l y
be non -trivial. It i s possib le that both robots will be requ i red a t t h e same
t i m e t o perform one task, which i s an additional complicat ion.

As in the case o f t h e o t h e r workstat ions, the qual i ty c o n t r o l
workstat ions are also responsib le f o r coordinating a c t i v i t i e s o f a l l
subordinates.

4.2.3 Machining Workstations

A t t h e machining workstat ion, the sequence o f j o b s t o be done must b e
calculated, along w i t h the coord ina t ion o f a c t i v i t i e s o f a l l subordinates.
Con f l i c t s o f subordinate act iv i ty must be resolved, and i f necessary, tasks
reassigned. Assembly o f pa r t s may a lso be r e q u i r e d a t t h i s l e v e l .

4.3 C e l l Leve l

Bas ica l ly , t h e c e l l must decide which works ta t ion t o use t o p e r f o r m a
given operat ion. The problems a t t h i s l e v e l cons is t o f scheduling tasks f o r
the works ta t ions i n the c e l l , coord inat ing a c t i v i t i e s (parts and t o o l
shipments) i n support o f that schedule, and coordinating delivery o f p a r t s
and t o o l s f r o m one works ta t ion t o another. Coord ina t ion becomes a more
c r u c i a l ac t i v i t y when the re ex i s t shared resources such as m a t e r i a l handling
works ta t ion c a r t s . If there are, there i s a ser ious problem i n coordination
that must resolved. Even if t h e r e are no shared resources, t h e r e i s s t i l l
t h e problem o f mult imachine scheduling that m u s t be confronted. C o n f l i c t
r e s o l u t i o n i s a lso a r e s p o n s i b i l i t y o f the c e l l . When c o n f l i c t s a r i s e a t the
w o r k s t a t i o n l e v e l , the c e l l must replan, reroute, and reschedule t o overcome
them.

4.4 Shop Leve l
~

The shop l e v e l has o v e r a l l respons ib i l i ty f o r i nven to r y con t ro l , t o o l
management, scheduling, sequencing, c o n f l i c t r e s o l u t i o n , c e l l c r e a t i o n , and
prevent ive maintenance f o r all equipment in the shop. A l s o developed a t th i .s
l e v e l i s t h e master product ion schedule and the mater ia l requ i rements p lans.

The actua l r e s p o n s i b i l i t i e s in these areas w i l l depend on t h e
con f i gu ra t i on o f the shop; p r inc ipa l l y whether it conta ins any shared
resources, which f o r the shop means whether t h e r e a r e any vir tual c e l l s . In
t h i s case everything be low the shop l e v e l i s a shared resource and t h e
problems f o r t h e shop l e v e l c o n t r o l l e r s a r e more compl icated.
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4.5 F a c i l i t y Leve l

The f a c i l i t y l e v e l has r e s p o n s i b i l i t y f o r the business and engineering
func t ions which support the e n t i r e manufacturing plant. The mathematical
techniques used in cos t accounting, cap i ta l investment s t ra teg ies , and many
other business functions m u s t be changed t o include the impacts o f automat ion
[ 3 6 ] . In addition, new methods are needed t o a id in t h e Group Technology
c lass i f i ca t i on and coding o f par ts f r o m CAD data, the geometr ic model ing o f
parts, the decomposit ion o f complex geometries i n t o fea tu res that can be
machined and inspected, and the design, r e v i s i o n , and v e r i f i c a t i o n o f process
plans.

* * * ,

In the next sect ion, we discuss an implementat ion s t ra tegy under
development a t NBS, and the data requirements f o r it.

5 . AN INTEGRATION FRAMEWORK

Work i s underway a t NBS t o implement a framework in which i n t e g r a t i o n o f
planning and con t ro l can be success fu l l y c a r r i e d o u t . This framework
includes :

o a generic planning and c o n t r o l module which can be used a t every

o a process planning system t o prov ide the technical data needed t o

o a rich command/feedback s t ruc tu re t o link one l e v e l o f the hierarchy t o

l e v e l o f the hierarchy,

plan and c o n t r o l a c t i v i t i e s , and

the n e x t .

These s t ruc tu res have been implemented a t the bottom t h r e e l e v e l s o f t h e AMRF
hierarchy. The fo l lowing sect ions provide a b r i e f overv iew; more d e t a i l s can
be found in the re fe rences provided.

5 . 1 The Product ion Contro l Module

A Produc t ion Con t ro l module [ l o ] has been developed t o plan and c o n t r o l
a c t i v i t i e s within the AMRF. It i s a generic module that has been imp lemen ted
a t t h e C e l l , Workstation, and Equipment l e v e l s . T h i s module i s i t s e l f
decomposed i n t o a th ree l e v e l hierarchy: P r o d u c t i o n Manager (PM), Queue
Manager (QM), and Dispatch Manager (DM). The planning func t i ons a r e c a r r i e d
o u t by the PM and the QM; t h e c o n t r o l func t ions are assigned t o t h e DM. The
f o l l o w i n g sec t ions provide a b r i e f desc r ip t i on o f these l e v e l s .

5 . 1 . 1 The Production Manager

The Product ion Manager (PM) i s t h e highest l e v e l within t h i s module. It

superv iso r provides a l i s t of jobs t o process and resources t o a l l o c a t e ,
w h i l e t h e Queue Manager provides feedback on t h e cur ren t s ta tus o f a l l in -

r e c e i v e s input f r o m both i t s supervisor and t h e Queue Manager. I t s
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process work. Whenever a change i s detected in the s ta tus o f any j o b on that
l i s t o r a new j o b i s added t o t h e ex is t ing l i s t , the PM must r e t r i e v e a l l
r e levan t data f o r that j o b and generate a r e a l - t i m e p roduc t i on plan. T h i s
product ion plan contains a l i s t o f t h e tasks assigned t o each subordinate,
precedence and coord ina t ion f lags f o r each task, and a schedule o f s t a r t and
finish t i m e f o r each task.

Commands are f o r m u l a t e d f r o m t h i s plan using the command s t r u c t u r e
formats described below and passed t o the appropriate Queue Manager.
Coord inat ion f lags are used t o change the s ta tus on jobs in one queue based
o n feedback about jobs in another queue. If everything i s on schedule, t h e n
the plan i s n o t a l t e red . Bu t , whenever a problem i s encountered, the c u r r e n t
plan must be updated t o r e f l e c t t h e expected delays and the appropriate Queue
Managers informed o f any changes.

5.1.2 Queue Manager

There i s one Queue Manager (QM) f o r each subordinate c o n t r o l l e r . It
r e c e i v e s a l i s t o f j obs f r o m the Produc t ion Manager and feedback f r o m the
Dispatch Manager. The QM will resequence the queue t o accomodate any changes
in j o b status o r the addit ion o f new jobs . Whenever the s ta tus o f any j o b
changes o r a new j o b i s added, the QM passes t h e appropriate command
in fo rma t i on t o the Dispatch Manager (DM) f o r eventual release t o t h e
subordinate. Whenever the DM sends feedback indicating that a job i s
completed the QM removes t h i s e n t r y f r o m t h e queue and repor t s t h i s up t o t h e
PM. The QM also updates timing in format ion and repo r t s t h i s t o t h e PM so that
appropriate ac t ion can be taken t o update the product ion plan.

5 . 1 . 3 D ispa tch Manager

There i s one Dispatch Manager (DM) f o r each subordinate c o n t r o l l e r . The
DM has a l ibrary o f so f tware r o u t i n e s that support the in te rna l process ing
procedures der ived f r o m the process plan. The r o u t i n e s a t t h i s l e v e l d e f i n e
the way in which the DM, as a supervisor, cont ro ls the execu t ion o f tasks by
the subordinate. It releases jobs t o the Produc t ion Manager l e v e l o f t ha t
subord inate and mon i to rs the execut ion o f those tasks t o complet ion. Any
problems that may r e s u l t in delays in complet ion t imes a r e reported d i r e c t l y
t o the Queue Manager. Al though it i s t h e o r e t i c a l l y poss ib le t o combine the
QM and DM i n t o a s ing le j o b manager, that aggregation would unnecessari ly
increase t h e complexi ty o f the QM.

5.2 Data Requirements

As was s t a t e d e a r l i e r , the AMRF hie rch ica l c o n t r o l and planning
s t r u c t u r e i s data -driven. There are bas ica l ly t w o sources o f data f o r t h e
system: the process plans which describe w h a t must be done, and the
comand/feedback process which prov ides in fo rmat ion on w h a t i s be ing done.
These a r e descr ibed next.

5 . 2 . 1 Process Plans

As ind i ca ted above, one source o f input data t o these product ion c o n t r o l
modules i s provided by the process planning system. A n i n te rna l s t r u c t u r e
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f o r these process plans has been iden t i f i ed and used a t the bo t tom t h r e e
l e v e l s o f the AMRF hierarchy [ 9 ] . It s p e c i f i e s a l l o f the techn i ca l
informat ion necessary t o plan and c o n t r o l a c t i v i t i e s in an automated
manufacturing environment. This includes n o t only the machining and robo t
handling ins t ruc t ions, but also works ta t ion l e v e l operat ions and c e l l - l e v e l
rout ing steps. A l t e r n a t e processing sequences are a l so spec i f i ed a t each
l e v e l . For each step in the plan, a work element descr ip t ion , precedence
constraints, and est imated durations have been ident i f ied. These plans a l s o
provide an extendedbill o f mater ia ls that l i s t s requ i red too l ing, f i x t u r e s ,
mater ia ls , processing systems, data, programs and/or plans that a r e requ i red
t o complete the job . Finally, th i s in fo rmat ion i s provided in a un i fo rm,
cons is ten t , e r r o r - f r e e format which i s compatible w i t h the input requ i rements
o f the production c o n t r o l module.

5.2.2 Command/Feedback In te r face

In addit ion t o the in ter face w i t h t h e Process Planning system, each
c o n t r o l module must in ter face w i t h one superv isor and one o r more
subordinates. The mechanism f o r t h i s i s the command and feedback s t ruc tu res
described below [7,10].

As no ted e a r l i e r , the arch i tec ture under development prov ides f o r the
planning and c o n t r o l o f p a r a l l e l a c t i v i t i e s . The command s t r u c t u r e t o
support t h i s capabil i ty i s shown in Figure 4.

Figure 4. Command I n t e r f a c e S t ruc tu re .

Each module w i l l have a va l id s e t o f ACTION-VERBS which i n i t i a t e
STARTUP, SHUTDOWN, EXECUTION, MAINTENANCE, and WAIT sequences. The
JOBS-POINTER parameter i s a po in te r t o a l i s t o f j obs in t h e database. Each
entry in t h i s l i s t conta ins a j o b type f l a g (NEW o r OLD) , a j o b I D , a j o b
a c t i o n t o be taken (PLAN, EXECUTE, CANCEL), p r i o r i t y , and t im ing i n f o r m a t i o n
f o r scheduling purposes. The l a s t f i e l d in t h i s command s t r u c t u r e i s the
RESOURCE-POINTER which i s .a re fe rence t o another table in the database. Each
e n t r y in th i s l i s t r e f e r s t o a s p e c i f i c resource request f r o m a subordinate.
It also contains t h e superv isor 's response value (ACKNOWLEDGED, ALLOCATED,
UNAVAILABLE, COMPLETED, e t c . ) , and the expected t i m e o f ava i l ab i l i t y .

The feedback s t r u c t u r e t o support these p a r a l l e l a c t i v i t i e s m i r r o r s the
command s t r u c t u r e and i s shown in Figure 5 .
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Figure 5. Feedback I n t e r f a c e S t r u c t u r e .

OPERATIONAL ind ica tes the cur ren t operat ional status o f t h e c o n t r o l
module. JOBS-STATUS tracks t h e e v o l u t i o n o f a l l j obs assigned t o the module.
RESOURCE-REQUEST repo r t s ordinary o r emergency r u n - t i m e resource requests t o
the superv isor . Each o f these t h r e e f i e l d s w i l l be further divided i n t o t w o
subf ie lds : CONDITION, and POINTER. The former cons is ts o f a s imple s e t o f
A S C I I responses and the l a t t e r i s a po in te r t o a more de ta i l ed l i s t in the
database. This s t r u c t u r e reduces the complexity involved in implementation
by f ix ing the number o f input parameters and by limiting the number o f values
that each o f those parameters can take on.

In the next sec t ion , we discuss b r i e f l y some o f the problems in managing
t h i s data in the r e a l - t i m e environment o f the AMRF.

6 . REAL-TIME DATA MANAGEMENT

The data management func t i on i s concerned w i t h providing data t o the
manufacturing processes in a t imely, accurate, and cons i s t en t manner. A new
s e t o f planning and scheduling problems i s associated w i t h t h e r e a l - t i m e
management o f data within these automated manufacturing f a c i l i t i e s . These
problems can be divided i n t o t w o major categories: Data Admin i s t r a t i on and
Data Communication.

6 . 1 Data Administ rat ion

A recent r e p o r t [ll]suggests that c e n t r a l i z e d data c o l l e c t i o n and
admin is t ra t ion w i l l n o t be s u f f i c i e n t t o s a t i s f y the data demands in t h e
f a c t o r y o f the f u t u r e . As an a l ternat ive t o the cen t ra l i zed data
admin is t ra t ion approach, NBS researchers have been developing a d i s t r i b u t e d
data admin is t ra t ion system c a l l e d IMDAS [ll].Although it i s l o g i c a l l y
cent ra l i zed , IMDAS prov ides f o r t he distr ibuted administ rat ion o f phys ica l ly
distr ibuted data.

The des i re t o d is t r ibu te data physical ly across t h e f a c i l i t y i s prompted
by t h e t i m e - c r i t i c a l i t y f a c t o r involved in c e r t a i n data r e q u e s t s ,
par t icu lar ly a t t h e equipment l e v e l o f t h e planning and c o n t r o l h ierarchy.
Several quest ions must b e addressed concerning the op t ima l s e l e c t i o n o f l o c a l
data storage devices and t h e i r database management capab i l i t i es , t h e ac tua l
a l l oca t ion o f t h e master copy o f each data i t e m t o a par t i cu la r dev ice, and
the number and l o c a t i o n o f t h e copies o f that data i t e m .

The physical d is t r ibut ion o f data a l s o has a s igni f icant impact on t h e
administration o f that data. Typical administrative func t ions include
sa t i s fy ing a l l data requests , maintaining a l l data d ic t i ona r ies , e n s u r i n g
that t h e data i s accurate , and supervising a l l concurrency and c o n s i s t e n c y
checks. A t h r e e - l e v e l , t r e e - l i k e a r c h i t e c t u r e has been de f i ned t o car ry o u t
these funct ions. Each l e v e l will have a queue o f j obs t o p e r f o r m . Each j o b

1 6



will cons is t o f some tasks t o be car r ied o u t a t that l e v e l and, possib ly,
some tasks t o be executed by one o r more modules a t the next l o w e r o r n e x t
higher l e v e l . This leads t o some scheduling and sequencing problems a t each
l e v e l w h i c h a re d i f f e r e n t f r o m those descr ibed in the planning and c o n t r o l
hierarchy (see s e c t i o n 4). They a r e complicated by t h e d i f f icu l ty involved
in a) determining the t i m e requ i red t o complete a task, b) obtaining a "due
date " f o r a given task, and, c) coordinat ing the p a r a l l e l a c t i v i t i e s a t a l l
t h r e e l e v e l s which may be invo lved in t h e comp le t ion o f a s ing le complex data
request.

L i t t l e i s known about approaches t o so lv ing these problems.

6.2 Data Communication

The transfer o f in fo rmat ion between computer processes in an automated
manufacturing environment w i l l be managed by a Data Communication System
(DCS). Th is imp l ies that processes do n o t communicate d i r e c t l y w i t h one
another; ra the r , they simply make in fo rmat ion avai lable. It i s the DCS's
r e p s o n s i b i l i t y t o d e l i v e r that in fo rma t i on t o those processes that r e q u i r e
it,a t the t i m e they r e q u i r e it. The pro toco l s f o r accomplishing t h i s data
t ransfer are being spec i f ied in the Manufacturing Automat ion P r o t o c o l (MAP)
standards [ 1 2 ] .

It i s l i ke l y tha t many o f the techniques used t o design and manage
computer networks [ 3 5 ] w i l l be applicable h e r e . However, the in t roduc t i on o f
the "virtual c e l l " n o t i o n (see s e c t i o n 2.3.3) will have a s i g n i f i c a n t impact
o n t h e both the design and r e a l - t i m e admin is t ra t ion of the DCS. The
d i f f i c u l t i e s r e s u l t f r o m the need t o "disconnect and connect " processes, and
there fore o r i g i n - d e s t i n a t i o n pa i rs and paths, f r o m one another in r e a l - t i m e ,
To date, these issues have n o t been addressed.

7 . CONCLUSIONS AND FUTURE WORK

Two m a j o r areas r e l a t e d t o r e a l - t i m e production planning f o r automated
manufacturing systems have been addressed in t h i s paper. F i r s t , these
planning problems have been iden t i f i ed and par t i t ioned i n t o f i v e l a y e r s t o
match t h e AMRF c o n t r o l hierarchy under development a t NBS. Second, a
framework has been proposed which provides a means f o r in tegrat ing planning
and c o n t r o l i n t o a s i n g l e hierarchy. That framework cons is ts o f a gener ic
production c o n t r o l module which can be used a t every l e v e l in t h e hierarchy,
a process planning system and command/feedback s t ruc tu res t o provide data t o
those modules, and a data management system t o s t o r e , update, and t r a n s f e r
that data in a t ime ly and accurate manner.

Future research will focus on t h e development o f s o l u t i o n techn iques f o r
t h e decis ion problems described in the preceding sec t ions . T h i s research
w i l l be conducted in t h r e e concurrent phases. F i r s t , we m u s t determine t h e
informat ion, bo th qual i ta t ive and quant i tat ive, requ i red t o so lve each
problem. Next, we m u s t find e f f i c i e n t s t r u c t u r e s f o r r e p r e s e n t i n g that
i n f o r m a t i o n . F inal ly , we will a t t e m p t t o marry techniques f r o m Operations
Research and A r t i f i c i a l I n t e l l i g e n c e t o s o l v e each problem.
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We be l i eve that t h i s w o r k f i l l s an important gap in the l i t e r a t u r e ,
provides a fundamental contr ibut ion t o t h e f i e ld , and will prov ide t h e
groundwork f o r more fruitful research in t h i s area.
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