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The prob lem o f robot c o n t r o l i s approached f r o m a systems
standpoint where a complete cont ro l system m u s t include a l l o f
t he aspects involved i n moving a robot, not j us t t h e algor i thms
i n t h e c l a s s i c con t ro l s l i t e r a t u r e . The NASA/NBS S t a n d a r d
Reference Model f o r T e l e r o b o t C o n t r o l S y s t e m A r c h i t e c t u r e
(NASREM) provides t h e framework f o r a comple te m a n i p u l a t o r
c o n t r o l system. It i s composed o f t h r e e h i e r a r c h i e s : t a s k
decomposition, world modeling, and sensory processing. The task
decomposition h ie rarchy divides tasks into smal le r and sma l le r
subtasks. In order t o achieve the desi red decomposition, t h e
task decomposition hierarchy m u s t o f t en access in fo rmat ion stored
i n t h e wor ld model ing h i e r a r c h y , which con ta ins a workspace
r e p r e s e n t a t i o n , o b j e c t descr ip t ions , r o b o t models , e t c . The
sensory processing hierarchy constant ly fills the wor ld model
w i t h processed sensor in format ion. I n the process o f building
NASREM, a great deal o f e f f o r t has been spent i n the def in i t ion
o f the i n t e r f a c e s between l e v e l s o f t h e h ie ra rchy so t h a t t h e
m a j o r i t y o f robot contro l and sensory processing algorithms i n
t h e l i t e r a t u r e can be implemented. Th is a l lows the r e a l i z a t i o n
o f t h e NASREM arch i tec tu re t o serve the dual purpose o f a robot
c o n t r o l l e r and a t e s t b e d f o r robo t c o n t r o l a l go r i t hms . T h i s
paper describes the purpose and o v e r a l l o rgan iza t ion o f NASREM.
Then, t w o examples o f NASREM t a s k decompos i t ion modules a r e
discussed i n terms o f function as w e l l as i n t e r f a c e requi rements.

1.0 INTRODUCTION

I n s p i t e o f t h e f a c t t h a t r e s e a r c h i n r o b o t i c s has been
progressing f o r many years, t he re are surprisingly f e w systems
which can be used t o compare d i f f e r e n t algorithms exper imenta l ly .
There has no t been a m a j o r ground s w e l l t o develop t e s t b e d s
although most researchers seem t o agree t h a t t h i s i s probably t h e
only v i a b l e method f o r comparing t w o approaches. I ns tead ,
researchers have tended t o promote one p a r t i c u l a r approach a t t h e
expense o f a l t e r n a t i v e s blaming t h e prob lem on e f f i c i e n c y ,
computer resources, manpower l i m i t a t i o n s , and m y r i a d o t h e r
excuses.

The problem o f t h e sca rc i t y o f testbeds i s further exacerbated by
t h e " i n s t i t u t i o n a l b iases " i n j e c t e d i n to s o l u t i o n s . If t h e
engineers l i k e Company X microcomputers, it i s most unl ikely t h a t



other a l t e r n a t i v e computers have a chance o f being chosen unless
it i s obvious f r o m the s t a r t t h a t Company X microcomputers cannot
do the job. This i s t r u e f o r any inst i tut ional bias: exper t
systems, blackboards, wh i teboards , h i e r a r c h i c a l c o n t r o l .
Nevertheless, t h e s c i e n t i f i c approach compels t h e s c i e n t i s t t o
conduct an unbiased exp lora t ion o f t h e a l t e r n a t i v e s .

There are many approaches t o cont ro l l ing robots [ l - 8 1 . One would
hope t h a t it i s possible t o develop a robot con t ro l system t h a t
can serve as a soph i s t i ca ted robo t c o n t r o l l e r as w e l l as a
tes tbed. B u i l t on n e a r l y 10 y e a r s o f work i n an Automated
Fac to ry environment [ 9 ] , t h e th i rd g e n e r a t i o n NBS c o n t r o l l e r
( w i t h t he inst i tut ional b ias o f h i e r a r c h i c a l con t ro l ) , NASREM, i s
under development. It was conceived t o bridge the gap between
the a lgor i thm centered approaches and the testbed concept. The
pr imary contr ibut ion revolves around t h e proper de f in i t i on o f t h e
l e v e l s i n t h e h i e r a r c h y and t h e c a r e f u l s p e c i f i c a t i o n o f
i n t e r f a c e s so t h a t t h e vast amount o f l i t e r a t u r e i n robot ics i s
supported.

2.0 NASA/NBS STANDARD REFERENCE MODEL FOR TELEROBOT CONTROL
SYSTEM ARCHITECTURE (NASREM)

One w a y t o v i e w a robot c o n t r o l sys tem i s as a t w o l e v e l
h i e r a r c h y [ l o ] . The upper l e v e l i s concerned w i t h t h e robo t
act ions which are task dependent but robot independent w h i l e t h e
l o w e r l e v e l i s concerned w i t h t he robot act ions which are task
independent but robo t dependent. If each o f t h e s e l e v e l s i s
examined m o r e closely, m o r e reso lu t ion can be obtained, resu l t ing
i n the fundamental paradigm o f the NASREM shown i n Figure 1. The
c o n t r o l system a r c h i t e c t u r e i s a t h r e e - l e g g e d h i e r a r c h y o f
computing modules, se r v i ced by a communications system and a
global data system [ll].The task decomposition modules perform
r e a l - t i m e planning and task monitoring functions: they decompose
task goals both spa t i a l l y and temporal ly. The sensory processing
modules f i l ter , c o r r e l a t e , d e t e c t , and i n t e g r a t e sensory
information over both space and t i m e i n order t o recognize and
measure pat terns, features, objects, events, and re la t ionsh ips i n
t h e ex te rna l world. The world modeling modules answer quer ies,
make predictions, and compute evaluat ion functions on the s t a t e
space def ined by the information stored i n a global da ta system.
The global data system i s a database which contains the system's
best es t imate o f the s t a t e o f the e x t e r n a l world. The world
modeling modules keep t h e g l o b a l d a t a system c u r r e n t and
consistent.

2 .1 Task Decomposition (P lan , Execute)

The f i r s t l e g o f t h e h ie ra rchy consists of task decomposition



modules which plan and execute the decomposition o f high l e v e l
goals in to l o w l e v e l actions. Task decomposition involves both a
temporal decomposition ( i n t o sequent ia l act ions along t h e t i m e
l i n e ) and a s p a t i a l decomposition ( into concurrent act ions by
d i f f e r e n t subsystems). Each task decomposition module a t each
l e v e l o f the h ie rarchy consists o f a Job Assignment Manager, a
s e t o f p lanners, and a s e t o f Executors . These decompose t h e
input t a s k into both s p a t i a l l y and tempora l l y d i s t i nc t subtasks
as shown i n Figure 2.

The con t ro l system arch i tec tu re described here i s a s i x l e v e l
h i e ra r chy . A t each l e v e l i n t h i s h i e r a r c h y a b a s i c
t r a n s f o r m a t i o n i s per fo rmed on t h e g o a l . Each l e v e l o f t h e
h i e r a r c h y has a fundamenta l phi losophy wh ich desc r ibes i t s
behavior. These s imple descript ions o f t h e purpose o f each l e v e l
help the designer i n organizing algorithms in to the co r rec t p l ace
i n the cont ro l hierarchy.

Servo Leve l performs motions which are smal l i n a dynamic sense.

P r i m i t i v e L e v e l ( P r i m ) per forms motions which a r e l a r g e i n a
dynamic sense.

E lementa l Move Level (E-Move) transforms goals described f r o m a
task point o f view (currently i n a geometr ic fashion)
into goals from a manipulator point o f view.

Task L e v e l i s t h e " man - equiva lent l e v e l . " Goals a r e planned
based on a geometr ic d e s c r i p t i o n o f t h e wor ld ,
incorporating "common sense " physics.

Serv ice Bay Level coordinates groups o f task l e v e l robots.

Mission Level sets p r i o r i t i e s f o r the a c t i v i t i e s .

2.2 World Modeling (Remember, Estimate, P r e d i c t , Eva lua te )

The second l e g o f t h e h ie ra r chy c o n s i s t s o f w o r l d model ing
modules which mode l ( i . e . remember, e s t i m a t e , p r e d i c t ) and
e v a l u a t e t h e s t a t e o f t h e wor ld. The " w o r l d mode l " i s t h e
system's best est imate and evaluat ion o f the history, current
s ta te , and possible future s ta tes o f the world, including t h e
s t a t e s o f t h e system being c o n t r o l l e d . The " w o r l d model "
includes both the world modeling modules and a knowledge base
stored i n a global data system where s t a t e var iab les, maps, l i s t s
o f objects and events, and a t t r i b u t e s o f objects and events are
maintained. By t h i s def in i t ion, the world model corresponds t o
what i s w i d e l y known throughout t h e a r t i f i c i a l i n t e l l i g e n c e
community as a "blackboard " [ 1 2 ] . The world model performs t h e
fol lowing functions:



1.

2.

3.

4.

M a i n t a i n t h e g loba l d a t a sys tem knowledge base by
accepting in format ion f r o m t h e sensory system.

Provide predict ions o f expected sensory input t o t h e
corresponding sensory processing modules, based on t h e
s t a t e o f the task and est imates o f t h e e x t e r n a l world.

Answer "What i s ? " questions asked by t h e executors i n
the corresponding l e v e l task decomposition modules. The
task executor can r e q u e s t t h e v a l u e s o f any sys tem
var iab le .

Answer "What if?"questions asked by t h e planners i n
t h e corresponding l e v e l t a s k decomposi t ion modules.
The wor ld model ing modules p r e d i c t t h e r e s u l t s o f
hypothesized actions.

2.3 Sensory Processing ( F i l t e r , In tegra te , Detect, Measure)

The sensory processing h i e r a r c h y modules r e c o g n i z e p a t t e r n s ,
d e t e c t events, f i l t e r and i n t e g r a t e sensory i n f o r m a t i o n o v e r
space and t i m e , and r e p o r t t h i s in format ion t o t h e wor ld model t o
keep it i n r e g i s t r a t i o n w i t h the e x t e r n a l world. A t each l e v e l ,
sensory processing modules compare wor ld model predict ions w i t h
sensory observat ions and compute c o r r e l a t i o n and d i f f e r e n c e
functions. These are in teg ra ted over t i m e and space so as t o
fuse sensory informat ion f r o m mu l t i p l e sources over extended t i m e
in terva ls . The sensory processing modules also contain functions
which can compute conf idence f a c t o r s and p r o b a b i l i t i e s o f
recognized events, and s t a t i s t i c a l est imates o f stochast ic s t a t e
v a r i a b l e values.

2.4 Operator In te r faces (Control, Observe, Human I / O )

The con t ro l a rch i tec ture has an operator i n t e r f a c e a t each l e v e l
i n the hierarchy. The operator i n t e r f a c e provides a means by
which human operators, e i t h e r i n t h e space s t a t i o n o r on t h e
ground, can observe and supervise the te le robot . Each l e v e l o f
the task decomposition h ie rarchy provides an i n t e r f a c e where t h e
human operator can assume control . The task commands i n t o any
l e v e l can be der i ved e i t h e r f r o m t h e higher l e v e l t a s k
decomposition module, o r from the operator i n t e r f a c e . Using a
var ie ty o f input devices such as a joyst ick, mouse, t rackba l l ,
l i gh t pen, keyboard, vo ice input, e t c . , a human o p e r a t o r can
e n t e r the contro l h ierarchy a t any leve l , a t any t i m e o f h i s
choosing, t o moni to r a process, t o i n s e r t i n f o r m a t i o n , t o
interrupt automatic operation and take cont ro l o f t h e task being
performed, o r t o apply human i n t e l l i g e n c e t o sensory processing
o r world modeling functions.

The sharing o f command input between human and autonomous con t ro l
need not be a l l o r none. It i s possible i n many cases f o r t h e



human and t h e automat ic c o n t r o l l e r s t o s i m u l t a n e o u s l y s h a r e
cont ro l o f a te le robo t system. For example a human m i g h t con t ro l
t h e p o s i t i o n o f t h e r o b o t ' s end e f f e c t o r w h i l e t h e r o b o t
automat ica l ly ma in ta ins t h e w r i s t o r ien ta t i on .

3.0 Servo Leve l Task Decomposition Module

The Servo L e v e l t ask decomposit ion module f o r c o n t r o l l i n g a
r o b o t i c manipu la tor i s descr ibed i n th i s s e c t i o n . Servo i s
respons ib le f o r c o n t r o l l i n g s m a l l dynamic mot ions o f t h e
manipulator. Large motions, i . e . t r a j e c t o r i e s , a re obtained by
concatenat ing these s m a l l mot ions as d e s c r i b e d i n t h e n e x t
sec t ion . .

Figure 3 shows the basic st ructure o f Servo task decomposition.
Also depicted are the i n t e r f a c e s t o the module f r o m P r i m i t i v e and
Opera to r Cont ro l . Servo can be commanded by P r i m i t i v e t a s k
decomposit ion (autonomous mode), by t h e o p e r a t o r through
joyst icks o r master arms ( te leopera ted mode), o r by a combination
o f P r i m i t i v e and operator inputs (shared cont ro l mode). It i s
the task o f the Job Assignment module t o produce a coordinated
output f r o m t h e t w o input sources. The output o f Job Assignment
commands t h e Planner module f o r the manipulator. The Planner
feeds pe r iod i c d a t a po in t s t o t h e Executor module. The d a t a
points are used by t h e Executor as a t t r a c t o r s f o r t h e manipulator
s ta te . That i s , t he Executor module c y c l i c a l l y computes cont ro l
s igna ls f o r t h e ac tua to r s o f t h e t e l e r o b o t based on t h e
d i f f e rence between the current s t a t e and the desi red s t a t e given
by each P lanne r d a t a point . Through t h i s techn ique, t h e
manipulator i s moved along t h e desi red t r a j e c t o r y .

The P r i m i t i v e input t o Servo consists o f severa l parameters which
w i l l be described b r i e f l y here. The parameter Cz ind i ca tes t h e
servo coord inate system. The op t ions f o r C i n c l u d e j o i n t
coordinates, (Car tes ian) world coordinates, an8 (Car tes ian) end
e f f e c t o r coordinates. The a t t r a c t o r se t f o r the manipulator,
formed by the vectors Zd , Zd , Zd , zg , fa , and fd , gives t h e
desi red posit ion, ve loc i ty , acce lerat lon, ~ e r k , fo rce and fo rce
r a t e f o r t h e manipu la to r . These v e c t o r s a r e i n servo
coordinates.

The K ' s a r e t h e g a i n c o e f f i c i e n t s which mu l t i p l y t h e e r r o r
vectors i n t h e cont ro l equations. The parameters S and S ' a r e
se lec t i on matr ices used t o s e l e c t d i f f e r e n t con t ro l modes f o r
d i f f e r e n t axes o f t h e servo c o o r d i n a t e system. The
Servo - algorithm se lec ts the spec i f i c con t ro l a lgor i thm t o be used
by Servo i n approaching t h e g iven a t t r a c t o r . The S t a t u s
parameter informs P r i m i t i v e o f the status o f t h e Servo module.

A s i m i l a r i n t e r f a c e ex is ts f o r the operator command input. I n
th is in te r face , the parameter Co spec i f i es the servo coordinates
d e s i r e d by t h e opera tor . The p a r a m e t e r Ro i n d i c a t e s h o w



redundancy reso lu t ion i s t o be performed during shared con t ro l
w h e n Co i s underspecif ied w i t h respect t o C, . The a t t r a c t o r
s e t f r o m Operator Control i s { zm , zm , zm , fm }. The K ' s and
S ' s f r o m Operator Contro l a re s i m i l a r t o the parameters found i n
the P r i m i t i v e command. The O p a lgor i thm se lec ts t h e algor i thm
desi red by the operator. Th is parameter also determines o v e r a l l
c o n t r o l mode, i . e . t e l e o p e r a t e d , autonomous, o r shared .
O p-s ta tus returns status t o Operator Control.

The i n t e r f a c e s f o r Servo task decomposition a l l ow a l a r g e v a r i e t y
o f servo cont ro l algorithms t o be used w i t h t he arch i tec tu re . A
l a r g e number o f examples f r o m t h e l i t e r a t u r e a r e d e t a i l e d i n
~ 1 3 1 .

4.0 P r i m i t i v e Leve l Task Decomposition Module

A s s t a t e d prev ious ly , t h e P r i m i t i v e L e v e l t a s k decomposi t ion
module de te rm ines man ipu la to r behav io r f o r mot ions which a r e
" la rge i n a dynamic sense. " The function o f the module i s t o
transform a s t a t i c descript ion o f a desired motion i n t o a t i m e
sequence o f closely -spaced Servo goal points, o r a t t rac to rs .

There are a number o f d i f f e r e n t ways i n which motions may be
spec i f i ed i n a time - independent manner. For example, the desired
end e f f e c t o r p a t h may be spec i f i ed as a function o f a single
paramete r which i n d i c a t e s t h e f r a c t i o n o f t h e p a t h t r a v e l e d .
Des i red forces along a path may also be commanded f o r constrained
motions. I ns tead o f a p a t h s p e c i f i c a t i o n , it m a y be more
appropriate t o simply ind ica te the desi red d i rec t ion o f movement,
along w i t h some condit ions which ind ica te when the motion should
be terminated. This type o f motion spec i f i ca t i on i s useful f o r
g e n e r a l i z e d damper motions, f o r example. A th i rd c l a s s o f
motions consists o f those f o r which the important goal i s t h e
f inal state, and t h e exact p a t h t o be fol lowed i n achieving the
des i red goal s t a t e i s impossib le t o s p e c i f y a p r i o r i . A n
example o f t h i s type o f motion command i s a vision -servoed move
t o a t t a i n a pos i t ion r e l a t i v e t o a moving object.

The s t r u c t u r e and i n t e r f a c e s o f P r i m i t i v e t a s k decomposit ion
( P r i m ) are shown i n Figure 4. P r i m receives commands f r o m t h e
Elemental Move Level (E-move) task decomposition module, o r f r o m
t h e Opera to r Cont ro l . The input command i n t e r f a c e inc ludes
provisions f o r specifying the t r a j e c t o r y generat ion algorithm,
t h e coord ina te system o f t h e p o s i t i o n and/or f o r c e command
descriptions, the names o f t h e objects being manipulated, and t h e
te rm ina t i on condit ions f o r the motion. Important fac tors f o r
P r i m t o t a k e i n t o account i n g e n e r a t i n g t h e t r a j e c t o r y a r e
i n d i c a t e d i n an o b j e c t i v e funct ion t o be m i n i m i z e d , and a
redundancy reso lu t ion spec i f i ca t i on i s included t o d i r e c t the use
o f redundant manipulator degrees o f freedom. A p r i o r i t y i s given
t o the manipulator f o r the motion t o help resolve c o n f l i c t s over
shared workspace during t r a j e c t o r y execution.



In common w i t h the other task decomposition modules, P r i m i t i v e
consists o f Job Assignment, Planner, and Executor submodules.
These submodules a r e c y c l i c a l l y execu t i ng processes w h i c h
together p e r f o r m the t r a j e c t o r y generat ion functions o f P r i m .
The P r i m Job Assignment module manages t h e queue o f input
commands f r o m E-move and t h e opera to r , and c o o r d i n a t e s t h e
t rans i t i on between autonomous and manual operation. A n input
command queue i s necessary a t t h e P r i m l e v e l so t h a t smooth
t rans i t ions between consecutive path segments may be planned.

The P r i m Planner performs t r a j e c t o r y planning according t o the
a lgo r i t hm and parameters spec i f i ed i n the input command. For
motion along a desired path segment, the Planner determines t i m e
functions o f manipulator posi t ion, ve loc i t y and acce le ra t ion t o
p e r f o r m t h e pa th . I n doing so, t h e P l a n n e r m u s t t a k e i n t o
account such f a c t o r s as m a n i p u l a t o r and pay load dynamics,
ac tua to r l im i ta t ions , and al lowable p a t h er ro r . The Planner a lso
determines t r a j e c t o r y parameters t o use w i t h sensory - in teract ive
and other non-preplanned movements, and Servo feedback gains t o
achieve appropriate manipulator impedance.

The P r i m Executor module computes the smal l i n te rmed ia te motions
which a r e commanded t o Servo t o execute a t r a j e c t o r y . The
Executor module does t h i s by evaluat ing the planned t r a j e c t o r y
funct ions, o r by execut ing t h e p rope r s e n s o r y - i n t e r a c t i v e
t r a j e c t o r y algorithm. The Executor module also monitors sensor
s t a t e s t o d e t e r m i n e when t e r m i n a t i o n cond i t i ons have been
achieved, and per fo rms s e v e r a l func t ions t o ensure t h a t t h e
commands t o Servo will be val id.

The i n t e r f a c e s t o P r i m , and t h e o p e r a t i o n o f t h e P r i m Job
Assignment, P lanner , and Executor modules f o r a number o f
d i f f e r e n t t r a j e c t o r y generation algorithms are discussed fur ther
i n [14 ] .

5.0 Conclusions

This paper has described the NASREM arch i tec tu re i n terms o f i t s
purpose and o v e r a l l o rgan iza t ion . It was shown through t h e
examples o f t w o o f the task decomposition modules t h a t the NASREM
concept i s s u f f i c i e n t l y f l e x i b l e t o a c t as both a robo t
c o n t r o l l e r and a testbed f o r robot cont ro l algorithms.
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Figure 3. Servo Level Task Decomposition.
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