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Abstract . A h i e r a r c h i c a l a rch i tec tu re i a described f o r a robot integrated
i a t o a r e a l - t i m e eensory i n t e r a c t i v e f a c t o r y c o n t r o l system. I n t h i s
a r c h i t e c t u r e , high l e v e l goals a r e decomposed through a eucceaeion o f
levels, each producing strings o? simpler commands t o the next lower level.
The bottom level generates the drive 8ignals t o the robot actuators. Each
cont ro l l e v e l i a a separate process with a l i m i t e d scope o f responeibility.
Each performs the generic cont ro l funct ion o f sampling i t s input and gener-
a t i n g appropr ia te outputs. The input i s character iced by th ree types o f
data - a cdmmand f r o m the next higher leve l , procesaed senaory data, and
statue feedback from the next lower level. The outputs are o f three types -
a command t o the next lower level. a request f o r eensory in fo rmat ion t o the
processing module a t the same l e v e l , and a status feedback t o t h e next
higher level. This paper describes this generic control structure and i t s
implementa t ion i n a r e a l - t i m e sensory - in teract ive c o n t r o l system f o r a
manufacturing fac i l i t y .

Keywords. Hierarchical systems; robots; control theor$; sensors; induetrial
contro l .

INTRODUCTION

A h i e r a r c h i c a l c o n t r o l system such as the
one shown i n Figure 1 i s par t i t ioned v e r t i -
c a l l y i n t o l e v e l s o f con t ro l . The basic
command and c o n t r o l s t r u c t u r e i s a tree,
vherein each computational module has a
s i n g l e euper ior , and one o r more aub-
ord inate modules. The t o p module i n where
the highest l e v e l decisions are made and
the longest planning hor icon exists. Goals
and plans generated a t th is highest l e v e l
a re t ransmi t ted t o t h e next l o w e r l e v e l
where they are decompoaed i n t o sequencee o f
subgoale. I n general, the decomposit ion a t
each l e v e l takes i n t o account in fo rmat ion
der ived f rom: (a) sensors that meaaure the
s t a t e o f the environment, (b) r e p o r t s f r om
l o w e r c o n t r o l l e v e l s as t o the s t a t e of
the c o n t r o l hierarchy i t s e l f , and (c)
predictions (o r expectat ions) generated
by modela, knowledge bases, and in fe r -
ence engines.

A t each level, input subgoale are decomposed
i n t o seguencea o f output sub-subgoale i n
the con tex t o f the s t a t e o f the environ -
ment, the n e x t l o w e r l e v e l o f con t ro l , and
the in terna l s t o re o f knouledge. Finally
a t the lowest level , output dr ive signals
are computed and sent t o the physical actua-
tors. Each path, o r chain o f command, f r o m
t h e bot tom t o t h e top o? the h ie ra r ch i ca l
t n e can be further regmented, as shown in
Figure 2, i n t o t h r e e separate h i e r -

archies: (1) a goal, o r task deco8po -
s i t i on , hierarohy (H); (2) a feedback
processing hierarchy (C); and (3) a wor ld
model hierarchy (M). This has been diacwsed
i n a number o f previous papers (Albur and
co-uorkers, 1981a, 1981b, 1901c).

In general, each o f the hierarchical levela
shown i n Figure 1 can be fur ther partit ioned
i n t o sublevela.. For exanple the con t ro l
hierarchy f o r a machining work stat ion robot
shown in Figure 2, deoomposea the equiprat
l e v e l i n t o three sublevels. A n assembly
r o b o t might decompose the equipment l e v e l
i n t o four o r more sublevels. The number o f
sublevels required depends on the complexity
o f the tasks that must be decomposed a t that
leve l .

A t a l l levala, the H, C, and !S modules are
concurrent proceases produced by real - time
programs executing simultaneously in each
module. Perhapm the simplest way t o t reat
this mathematically i s t o implement each o f
the modules in the hierarchy as a finite -
state automaton. The state-graph describing
t h e a c t i v i t y o f the en t i re h ierarchy can
then be described by a P e t r i diagram (Albue,
Barbera, Pitegerald, 1982).

For each module i n th is a r c h i t e c t u r e there
a re three conaepta o f t ime: t h e planning
horicon, the responae t ime, and t h e cyc le
time. The planning horirron i s the i n t e r v a l
over which a c o n t r o l module plana i n t o t h e
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fu ture . The response t i m e i s the d e l a y
between a change i n a module'a input and the
generation o f a new output. The cyc le t i m e
i s t h e p e r i o d be tween sampling the input
v a r i a b l e s . I n genera l , t he response t i m e
will be s l igh t l y longer than the cycle t i m e ,
and the planning hor izon will be many times
longer than the response t ime.

The r e s p o n s e t i m e o f t h e f i n i t e - s t a t e
a u t o m a t a a t e a c h l e v e l depends on t h e
r e q u i r e n i e n t s f o r s t a b i l i t y and dynamic
response a t t h e r e s p e c t i v e leve ls . The
response t i m e requ i remen t i s shorter a t t h e
l o w e r l e v e l s , but t h e c o m p l e x i t y o f t h e
c o n t r o l computat ions i s less. The response
t i m e i s l o n g e r a t t h e higher l e v e l s , and
the c o m p l e x i t y o f t he computa t ions i s
g rea te r . Thus, t h e t o t a l compu ta t i ona l
power requ i red a t any l e v e l o f the hierarchy
i s more o r l ess constant.

Communication between the varioua modules i n
such a system can be accomplished by writing
messages i n a common data base. Each message
a r e a ( o r ma i l box ) within t h e da ta base can
be r e s t r i c t e d so t h a t only one system may
w r i t e i n t o i t , although many can read i t s
contents. If t h e cycles o f the state - clock
e t a l l l e v e l s a re synchronized, informat ion
t r a n s f e r i n t o and o u t o f t h e common data
base will o c c u r a t p r e d i c t a b l e t i m e
increments and each message can carry a t ime
tag.

The f l o w o f commands and oontrol def ine the
s t r u c t u r e o f t h e h i e r a r c h i c a l t ree . Each
branch , o r e u b t r e e , co r responds t o a
f u n c t i o n a l unit. There may, however, be
in fo rma t i ona l pathways which e x i s t outr ide
the c h a i n o f command. Informat ion o f many
types (such as t iming signals, and knowledge
o f ce r ta i n important events) need no t f o l l o w
t h e s t r i c t l y t r e e - l i k e pathways o f the
c o n t r o l h i e r a r c h y . Such i n f o r m a t i o n
t rans fe r pathways may crisscross the formal
structure o f the con t ro l hierarchy.

TASK DECOMPOSITION

I n t h e r o b o t c o n t r o l eye tem a r c h i t e c t u r e
shown i n Figure 2 t h e b o t t o m ( o r f i r s t )
l e v e l o f t h e task decomposition hierarchy i s
w h e r e c o o r d i n a t e t r a n s f o r m s and servo
computations are made, and a l l j o i n t motions
a r e sca led t o hardware l i m i t s on v e l o c i t y
and f o r c e .

A t the second leve l , elemental movements
(such as <REACH TO (A)>, <GRASP>, <LIFT>,
<ORIENT ON (B)>, <MOVE TO (X)>, <RELEASE>,
etc.) a r e decomposed i n t o f o r c e and
v e l o c i t y t r a j e c t o r i e s i n a c o n v e n i e n t
c o o r d i n a t e system. That c o o r d i n a t e
system may be d e f i n e d i n the robot 's work
space, i n the p a r t , o r i n a coo rd ina te
frame i n the robot's gripper.

A t t h e t h i r d l e v e l , s imp le t a r k s (such a8
<FETCH (A)>, <MATE (B) TO (A)>, <LOAD TOOL
(C) WITH PART (Dl>, etc.) a re decomposed

in to r lemrn ta l movements which can be
ln t r rp re ted by the second level.

I n t h e Automated Manufacturing Research
F a c i l i t y (AMRF) c u r r e n t l y unde r
cons t ruc t ion .at the N a t i o n a l Bureau o f
Standards (Simpson, Hocken, Albus,l982), a
machining w o r k s t a t i o n r o b o t will r e c e i v e
input commands t o the t h i r d l e v e l o f i t s
h i e r a r c h i c a l c o n t r o l s y s t e m f r o m a
WORKSTATION CONTROLLER, which i s the fourth
l e v e l i n the robot's hierarchy, as ind ica ted
i n F igu re 2.

A typ ica l machining workstation i n the AMRF
will c o n s i s t o f a robo t , a machine t o o l ,
a work t r a y buf fer , and seve ra l t o o l s and
eensors t ha t the robo t can manipulate.
Trays o f p a r t s and t o o l s will be d e l i v e r e d
t o t h e works ta t ion by a r o b o t car t . The
w o r k s t a t i o n c o n t r o l l e r will be g i v e n
commands by the c e l l c o n t r o l l e r consis t ing
o f l i s t s o f operat ions t o be pe r f o rmed on
the pa r t s i n t h e trays. It i s t h e task o f
t h e works ta t ion c o n t r o l l e r t o generate a
eequence of simple task commands t o the
robot , t h e machine t o o l , and any o t h e r
systems under i t s c o n t r o l so t h a t the
e e t of operat ion8 s p e c i f i e d by i t s input
command l i s t a r e c a r r i e d o u t i n an
e f f i c i e n t pequence. F o r example, the
works ta t ion c o n t r o l l e r may generate a
eequence o f s i m p l e task commands t o the
robo t t o setup the clamping f ix tures f o r
t h e f i r s t part ; t o t h e machine t o o l t o
p e r f o r m t h e s p e c i f i e d m a c h i n i n g
operat ions; t o the robo t t o modi fy the
clamping f i x t u r e s f o r the nex t job; etc.
The t i m e h o r i z o n f o r the works ta t i on may
vary f r o m severa l hours up t o about a dry,
depending on the complex i ty and number o f
parts tha t are being processed.

The f i f t h l e v e l o f t h e r o b o t c o n t r o l
hierarchy in Figure 2 i s t h e CELL C O I T R O U R
which i s responsible f o r managing the
production o f a batch o f parts within
a p a r t i c u l a r group technology p a r t
family. The task o f t h e c e l l i s t o group
par ts i n trays and r o u t e the t r ays
f rom one works ta t i on t o another. The
c e l l generates dispatching commands t o the
mater ia l transport worksta t ion t o d e l i v e r
the required tools, f ixtures, and mater ia ls
t o t h e proper machining worksta t ions a t
t h e appropr ia te times. The c e l l must have
planning and schedul ing c a p a b i l i t i e s t o
analyze t h e procees plans f o r each
p a r t , t h e t o o l i n g and f i x t u r i n g
requirements, and the machinabi l i ty t i m e
est imates f o r each operat ion. Itwilluse
th ree c a p a b i l i t i e s t o opt imize the make-up
o f trays and the i r routing i r o n workstation
t o vorkrtat ion. The planning h o r i t o n f o r
t h e c e l l v i 11 depend o n t h e a l e e and
complexity o f the b t o h o f parts i n process,
but will be on tho order o f a week.

The s i x t h l e v e l i n t h e r o b o t c o n t r o l
h ierarchy i s t h e SHOP CONTROLLER which
per fo rm8 long t e r m product ion planning and
scheduling. It also manages inventory , and
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repor ts shortages i n mater ia ls and t o o l s t o
the n e x t higher l e v e l ( F a c i l i t y Con t ro l )
where orders are issued t o outside vendors.
The planning and schedu l i ng f u n c t i o n s a r e
used t o d e t e r m i n e the works ta t i on , robo t ,
and mater ia l resources requirements f o r each
ce l l . The shop then dynamically al locates
workstations to, o r reclaims them f r o m the
c e l l s as necessary t o meet t h e p r o d u c t i o n
s c h e d u l e (McLean 1982). The c o n t r o l
structure always sa t i s f i es the ru les o f a
h i e r a r c h i c a l t r e e a t any i n s t a n t i n t i m e ,
but the eubtrees o f the shop may shift f r o m
one moment t o t h e next. Fo r example, an
ind i v i dua l r o b o t may belong t o Workstation
#l o f C e l l 626 a t one moment, and t o
Workstation fc16 o f C e l l #2 the next. The
same l o g i c can be applied t o the passing
o f workstations between cells. This degree
o f f l e x i b i l i t y becomes impor tan t i n
f a c t o r i e s o r c o n s t r u c t i o n s i t e s where
robots are mobile and rapidly move from
one physical work s i t e t o another.

The seventh l e v e l i s FACILITY CONTROL. It i s
a t t h i s l e v e l t h a t engineering design
i s pe r fo rmed and t h e process plans f o r
manufacturing each part, and assembling
each system. are generated. Here also,
management i n f o r m a t i o n i s ana lyaed ,
mater ia ls requirements planning i s done, and
o r d e r s a r e p r o c e s s e d f o r m a i n t a i n i n g
i n v e n t o r y . Because o f t h e very l o n g
planning h o r i z o n s a t t h i s l e v e l i n the
c o n t r o l h ierarchy, t h e a c t i v i t i e s o f the
f a c i l i t y c o n t r o l module a r e n o t usual ly
considered t o be a part o f a real - t ime
cont ro l system. However, i n the context o f
h i e r a r c h i c a l c o n t r o l wi th exponen t ia l l y
inc reas ing t i m e hor i zons a t each higher
level , these f a c i l i t y con t ro l ac t i v i t i es
can be integrated i n t o the rea l - t ime con t ro l
hierarchy o f the manufacturing syetem.

FEEDBACK PROCESSING

Each l e v e l o f t h e taek decomposi t ion
h ierarchy i s se rv i ced by a feedback
process ing modu le which e x t r a c t s t h e
in format ion needed f o r cont ro l decisions a t
that l e v e l f r o m t h e sensory data stream and
f rom t h e l o w e r l e v e l c o n t r o l modules. The
feedback processing modules a t each leve l
d e t e c t f e a t u r e s , r e c o g n i z e p a t t e r n s ,
c o r r e l a t e o b s e r v a t i o n s a g a i n e t
expectat ions. and f o r m a t t h e r e s u l t s t o be
used i n the dec is ions and compu ta t i ona l
p r o c e d u r e s o f t h e taek decomposit ion
modules a t that level.

A t t h e l o w e s t l e v e l o f t h e r o b o t
hierarchy, the feedback proceasing modules
extract and scale jo int posit ions and force
and to rque data t o be used by the servo
and coordinate transformation computations.

A t the second l e v e l , touch and p r o x i m i t y
data, and s imple v i s u a l measurements o f
d is tance and p o s i t i o n s o f g r i p points a r e
extracted f r o m the senaory input t o be used
i n computing t r a j e c t o r y end points.

A t t h e t h i r d l e v e l the t h r e e d imens iona l
p o s i t i o n s o f v i s u a l f e a t u r e s such as
edges, corners, and holes are computed and
combined t o de te rm ine the p o s i t i o n and
o r i e n t a t i o n o f su r f aces and volumes o f
objects. I d e n t i t i e s o f o b j e c t s may a l s o
need t o be computed ( o r recogn ized ) i n
order t o generate the reaching and grasping
commands a t th is leve l .

A t t he four th (WORKSTATION) l e v e l ,
relationships between various objects need
t o be determined, i n o r d e r t o sequence
simple task commands.

A t the f i f th (CELL) level, the loca t i on and
c o m p o s i t i o n o f t rays o f pa r t s and t o o l s
and the length o f queues o f parts need t o
be determined. Th i s may be d e r i v e d f r o m
sensors which read coded tags on trays,
o r may be in fe r red i r o m sensory input from
l o w e r l e v e l sensors on t h e robot o r i n
the workstation.

A t the s i x t h (SHOP) l e v e l , the c o n d i t i o n
o f machines, t o o l s , and t h e amount o f
inventory on hand must be determined in
o r d e r t o g e n e r a t e schedu les , a l l o c a t e
resources, and evaluate and set p r i o r i t i e s
f o r production.

A t t h e seventh ( F A C I L I T Y ) l e v e l , t h e
requirements f o r changes i n par t design,
o r i n process plana need t o be recogniaed in
orde r t o make engineering changee, o r
redesign parte o r processes.

THE UORLD MODEL

The wor ld model hierarchy, made up o f X
modules i n Figure 2, o o n s i e t s o f a
k n o w l e d g e base c o n t a i n i n g a l l t h e
information currently known about the taek,
the parts, o r the workplace. The M modules
also contain procedures t h a t a l l o w them,
based on the s t a t e of the task and
other contextual information from various
p l a c e s i n t h e h ierarchy , t o compute
expectat ions and p r e d i c t i o n s about what
the sensory data t o the orresponding G
module should be. This allowcl the C
m o d u l e s a t e a c h l e v e l t o c o m p a r e
expectat ions with observations, and t o
measure both the degree o f c o r r e l a t i o n and
t h e degree o f d i f fe rence. A st rong
degree o f cor re la t ion means that the proper
mode l i s be ing matched wi th t h e
incoming eensory data. It means that the
observed obJect o r s i t u a t i o n hae been
c o r r e c t l y r e c o g n i z e d , and t h a t
information contained in the model can be
safe ly used f o r decision making even though
i t nay n o t be d i r e c t l y observable by the
eensory system.

A l a r g e degree o f d i f f e r e n c e between
expec ta t i ons generated by the model and
observat ions der ived f r o m sensors means
that e i t h e r an i n c o r r e c t cho ice o f models
has been made, o r t he model has not been
c o r r e c t l y t r a n s f o r m e d s p a t i a l l y o r
tempora l l y so as t o generate the proper
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s e t o f expec ted f e a t u r e r e l a t i o n s h i p s , o r
t h a t t h e incoming sensory data i s t o o
noisy, o r i s being improperly processed and
f i l t e r e d . I n t h i s case , t h e
c o m p u t a t i o n a l p r o b l e m f o r t h e t a s k
decomposition module i s t o decide which
type o f e r r o r i s being encountered and w h a t
i s r e q u i r e d t o remedy t h e diecrepancy.
I n general, t h i s type o f prob lem can be
s o l v e d e i t h e r b y a s e t o f
s i tua t ion /ac t ion rules o f an expert system,
o r a se t o f heur i s t i c search procedures. A t
high l e v e l s t h e w o r l d mode l c o n t a i n s
mach inab i l i t y da ta which enables it t o
p r e d i c t t o o l wear, t o o l l i f e , expected t imes
t o completion, etc.

A t l o w l e v e l s , t h e w o r l d model contains
dimensional i n f o r m a t i o n d e s c r i b i n g t h e
shapes and a iees o f parts. The M modules
use th is t o genera te expected pos i t ions o f
image fea tu res such as edges, corners,
holes, and surfaces.

A t t he f a c i l i t y c o n t r o l l e v e l t h e model
c o n t a i n s i n f o r m a t i o n about mach in ing
processes, m a t e r i a l p r o p e r t i e s , shop
processing Capab i l i t i es , and expected l e a d
times f o r procurements which can be uaed t o
compute es t ima ted complet ion t imea f o r
va r ious p r o d u c t i o n plans. A t t h e shop
level , the wor ld model contains informat ion
about machine capab i l i t i e s , t o o l l i f e , and
inventory leve ls and i s able t o sinulate the
performance o f various c e l l configurations.
A t t h e c e l l l e v e l , t h e m o d e l c o n t a i n 8
i n f o rma t i on about w o r k e t a t i o n task t i n e e ,
and i s a b l e t o s i m u l a t e t h e erpeo ted
performance o f var ious hypothe t i ca l task
sequences. A t t h e workstat ion l e v e l , t he
wor ld model contains knowledge o f expected
t r a y layou ts inoluding t h e names o f par ts
and t h e i r a p p r o x i m a t e p o s i t i o n s ,
o r i e n t a t i o n s , and re la t ionships. A t the

' s imple taek l e v e l , t he model i a able t o
generate deta i led positions and ot ientat iono
o f t h r e e dimensional ob jec ts i n a robo t o r
machine t o o l coord ina te eystem. A t the
e lemen ta l move leve l , the model i o able t o
generate expected positions and orientat ions
of s p e c i f i c fea tu res o f pa r t s and too la ,
such as edges, corners, surfaces, holes, and
elote. A t the coordinate transformation and
aervo level , the model generates windowe o r
f i l t e r functions that are uaed t o screen and
t rack the incoming raw data stream.

PROGRA!MING A HIERARCHICAL
CONTROL SYSTEM

In a hierarchy o f f i n i t e - s ta te automata
such ao shown i n Figure 2, a s t a t e -
graph, o r P e t r i diagram, i s a u e e f u l
program development tool . A state-graph
i s much l i k e a f l o w c h a r t f o r a
p rocedu ra l program, and t h e s t a t e -

t rans i t i on tab le (which i s the program f o r
a f i n i t e - s t a t e automaton) i s r e a d i l y
d e r i v e d f r o m t h e s t a t e - g r a p h .

F o r example, tbe sta te - graph shown i n
Figure 3 i s a . r e p r e s e n t a t i o n o f the s e t
o f ope ra t i ons r e q u i r e d by t h e <FETCH
(A)> taek a t the t h i r d l e v e l o f the
hierarchy shown i n Figure 2. This state -
graph shows several a l t e r n a t i v e a c t i o n s
t o account f o r possible fa i lu re modes in the
FETCH command. Figure 4 shows the atate -
t rans i t ion tab le corresponding t o the state -
graph o f Figure 3.

A t any l e v e l i n the task decompos i t ion
h ie ra rchy such a s t a t e - t r a n s i t i o n t a b l e
can be uaed by a computing structure euch as
shorn i n Figure 5 t o generate t h e task
decomposition function appropriate t o that
l e v e l . The le f t - hand a i d e o f t h e t a b l e
cons is ts o f a l l t he command, i n te rna l
state, and feedback inputs that can be
encountered a t any t i c k o f t h e s ta te -
clock. The right -hand side c o n s i s t s o f
an output command (and/or a po in te r t o a
procedure which computes an argument which
becomes part o f t h e output command) t o
t h e nex t l o w e r l e v e l , a nex t in terna l
s ta te , and a r e p o r t t o t h e next higher
l e v e l o r t o o ther modules a t t h e same
level .

A t the f i r s t hierarchical level, the number
o f l i n e a i n the s ta te - t rans i t ion tab l e
mill be small. The le f t - hand s ide o f the
table consists simply o f va r iab les which
s e l e c t t h e t y p e o f c o o r d i n a t e
t rane fo rmat ion requi red and the type o f
servo c o nputa t i o n e needed.

A t t h e second l e v e l , the lef t - hand s ide
c o n s i a t s o f var iab les which d e f i n e the
type o f t r a j e c t o r i e s t o be generated. The
right -hand s ide conta ins p o i n t e r s t o
p r o c e d u r e a t h a t c o m p u t e f o r c e s ,
positions, accelerations, and ve l -oc i t iea . io
the appropriate coordinate systems.

A t the t h i r d level , ' t h e le f t - hand s ide
consis ts o f var iables which s p e c i f y t h e
s t a t e o f t h e environment as repor ted by
aensore and the right-hand side the namee
o f appropriate e lemen ta l movements t o
be made f o r each state. P o i n t e r s t o
procedures a r e used t o compute arguments
and modifiers.

A t the higher l e v e l r , t he s ta te - tab les may
be compared t o product ion r u l e s i n exper t
eystems. Procedures tha t a re invoked by ,
these state - tables may consist o f heuristic,,
search a lgor i thms o r l i n e a r programming
techniques fo r generating plans, schedulee,
etc.
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CONCLUSION

There a re a number of advantages o f t h e
tab le - dr i ven h i e r a r c h i c a l c o n t r o l system
descr ibed above. The f i r s t i s t h a t i t
p a r t i t i o n s the problem i n t o simple, w e l l -
de f i ned modules with c l e a r l y spec i f ied
inputs, outputs, i n t e r n a l states, and ru les
fo r state - transitions. The con t ro l problem
i s pa r t i t i oned ve r t i ca l l y with respect t o
t a s k c o m p l e x i t y and a b s t r a c t i o n ,
hor izonta l ly with respect t o func t ion (such
as task decomposition, sensory processing,
and w o r l d model ing) , and along t h e t i m e
a r i a by t h e use o f a s ta te - c lock . Th is
s i m p l i f i e s t h e des ign and eases the
synchroni~atfon o f eimultaneous processes in
the many di f ferent computing modules.

The second advantage i s that it f a c i l i t a t e s
t h e hand l ing o f e r r o r c o n d i t i o n s . If
add i t i ona l s t a t e s need t o be d e f i n e d t o
d e a l v i t h u n a n t i c i p a t e d e r r o r
cond i t i ons , they can simply be inser ted
i n t o the state -graph and added t o the
s t a t e - t r a n s i t i o n table. There i s very
little in te rac t i on with other par ts o f the
program code.

Third, this approach formalises the con t ro l
problem i n t o a very order ly structure. Each
l i n e i n the s ta te - t rans i t i on tab le f o r
any module i s an IFITHEN product ion rule.
<IF (the command i s such, and the state i s
so, and the feedback conditions are thus)
/ THEN ( t h e output i s whatever i s s tored on
t h e r igh t hand s i d e . o f t h e table, and
the system steps t o the ind ica ted nex t
state)). The add i t i on o f each node o r
edge t o t h e s ta te - graph , and t h e
corresponding l i n e a added t o t h e state -
t rana i t i on table i s the equivalent o f the
addit ion o f a new chunk o f knowledge about
how t o d e a l with a s p e c i f i c c o n t r o l
situation a t a part icular point i n a problem
doma in a t a unique phase i n the task
execution. This system a r c h i t e c t u r e thus
bridges the gap between servomechanisme and
f i n i t e - s t a t e automata a t the l o w e r l e v e l s
and expert system technologies a t the upper
levels.

Fourth, t h e s t a t e tab le representat ion
a l l o w 8 t h e easy inse r t i on o f c o n d i t i o n a l
t e s t s o f neu sensory o r feedback data.
For example, if a new touch sensor i s added,
i t i s poss ib le t o mere l y i nse r t a new
column in the feedback port ion o f the state -
t rans i t i on tab le , and a new l i n e , o r
l ines , i n t h e a t a t e - t r a n s i t i o n t a b l e f o r
each of t h e neu edges t o be added t o the
state-graph.

F i f t h , i t f a c i l i t a t e s debugging. Each
s t a t e o f t h e s y s t e m i s f o r m a l l y
i d e n t i f i e d and the set o f condit ions that
lead t o and f r o m that s ta te are c lea r l y
specif ied. Diagnostic rout ines can be used
t o read these states from common memory and
s t o p t h e s t a t e - c l o c k when necessary. This
makes i t easy t o p e r f o r m traces, t o s e t
break points, and t o reason backwards
f r o m e r r o r states. The system i s
completely determinist ic and errors in log ic
are simple t o reconstruct. Program buge are
t h e r e f o r e r e l a t i v e l y easy t o l o c a t e and
correct.

S i x th , it makes i t possible t o
build teaching and learning capabilit ies
i n t o s e n s o r y - i n t e r a c t i v e r o b o t c o n t r o l
systems. S imple programs with f e w o r no
e r r o r condi t ions can be def ined f i r s t by
state-graph flowcharts. The system can then
be run u n t i l it encounters unant ic ipated
problems or undefined conditioos which cause
an e r r o r <STOP>. Then each problem
condition can be dealt with speci f ica l ly by
adding l i n e s t o the state - transi t ion table
t o addreslr that p a r t i c u l a r problem state.
Eventually the ent i re space o f problem
states will contain programmed solutions,
and the frqquency o f e r r o r <STOP>'s will
d e c l i n e . T h e r u l e - b a s e d app roach
f a c i l i t a t e s the in tegra t ion o f an expert
system which would have t h e capab i l i t y t o
use i t a higher *learning u ru les t o modify
t h e w o r l d model r sensory processing, o r
d e c i s i o n a t r u c t u r e e , ae e x p e r i e n c e on
dif ferent problem etatea i s acquired.

There are, o f course, many unanswered
quest ions regard ing th is approach. The
h i e r a r c h i c a l c o n t r o l system architecture
described in t h i s paper i s still largely a
t h e o r e t i c a l cons t ruc t . There are many
problems that rena in t o be addressed and
many o f t h e d e t a i l s o f th is method rill
undoubtedly change as more experience i s
acquired during the construction and test ing
o f the experimental system.

REFERENCES

Albus, J.S., Barbera, A.J., F i tsgera ld , ILL.
(1982). Programming a H i e r a r c h i c a l
Robo t C o n t r o l System. Proc. 12 th
In te rna t iona l SymposiumonIndustr ial
Robots, Paris, France, 9-11. June 1982.

Albus, J.S., Barbera, A.J., Fi tcgerald, M.L.
(1 961 a). H i e r a r c h i c a l C o n t r o l f o r
Sensory I n t e r a c t i v e Robots. Proc. 11 th
I n t e r n a t i o n a l Symposium on I n d u s t r i a l
Robots, Tokyo, Japan, 7-9- October
1981.



86 J.S. Albus e t al .

Albus, J.S., Ba rbe ra , A.J., F i t z g e r e l d ,
M.L., Nashman, X. (1 981b). Sensory
I n t e r a c t i v e Robo t s . Proc . o f 3 1 s t
General Assembly, I n t e r n e tiona1
I n s t i t u t i o n f o r P roduc t i on Engineerin
R e s e a r c h ( C X P ) , T o r o n t o , Canada!.September 1981.

Albus, J.S., Barbera, A.J., Nagel, R.N.,
(1981~). T h e o r y and P r a c t i c e o f
H i e r a r c h i c a l Cont ro l . Proc,p 23rd IEEE
Computer S o c i e t y I n t e r n a t i o n a l
Conference, September 1981, 18-39.

---

Barbera, A.J., F i t e g e r a l d , M.L., Albua, J.S.
( 1 982). Concepts f o r a Real - Time
S e n s o r y - I n t e r a c t i v e C o n t r o l S y s t e m

Simpson, J.A., Hocken, R.J., Albus, J.S.
(1 982). The Automated Manufacturing
Research F a c i l i t y o f the Nat iona l Bureau
o f Standards. Journal of Manufacturing
Systems, S o c i e t y o f Manufacturing
Engineers ( in press).

Th is i s t o c e r t i f y t h a t t h i s a r t i c l e was
prepared by U.S. Government employees ea
p a r t o f t h e i r o f f i c i a l d u t i e s and i s
t h e r e f o r e a w o r k o f t h e U.S. Government and
not subject t o copyright.



Real-time Sensory - interactive Control o f Robots

= I3

m



88

Computational Hierarchy

Level Procecrer
0 M H

Feedback World f88k
Processing Model Dwomporitlon

I
t 1

Lwei OUtPUt8

..............................................................................................k-9 ~ A a h m w a k . u g r u *

Fig. 2. The computational hierarchy for a robot in a - dining
work stat im. This hierarchy correaponda t o the chain
o f c-nd enclosed in dotted l iner in Fig. 1.
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A State-Gnph Represenlation of Fetch (A)

Pig. 3. A state-graph a t hierarchical leve l 3 fo r a decomposition
of the <Fetch (A)> comsnd.

A State-Tranritkn TI of Fetch (A)
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Fig. 4. A state - transition table representation o f the
state-graph shown in Pig. 3.
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