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Abstract

A common misconception ab out real-time computing

is that it is equiv alen t to \fast computing." Man y

rob otics examples in recen t history ha v e sho wn that

without rigorous understanding of the resource require-

men ts and in teractions of the soft w are, these systems

are do omed to failure.

In this pap er, w e discuss our application of rigorous

real-time analysis and execution metho ds to Georgia

T ec h's MissionLab system for rob ot tasking and con-

trol [Endo et al. 1999; MacKenzie, Arkin, & Cameron

1997]. In this pap er, w e describ e R T-MLab, whic h

com bines MissionLab with Honeyw ell's MetaH real-

time analysis and execution to ol to pro vide real-time

sc hedulabil it y analysis and reliable real-time execution

supp ort for rob ot b eha viour con�gurations.

In tro duction

F or decades, rob otics researc hers ha v e pushed the

b oundaries of computer science and computing hard-

w are, striving to build in telligen t con trol systems that

are smart enough and fast enough to con trol rob ots

mo ving through complex, dynamic, real-w orld en viron-

men ts. One of the k ey constrain ts on these systems is

the need to op erate in real-w orld time, rather than sim-

ulated or virtual time: the rob ot's con trol system m ust

detect and react appropriately to a con tin uously c hang-

ing w orld that is not en tirely con trollable, and cannot

b e slo w ed do wn. The progression of Mo ore's La w and

the adv en t of mega
op pro cessors has not c hanged the

fundamen tal situation: w e still need rob ot con trol al-

gorithms and arc hitectures that b eha v e in timely w a ys.

That is, w e need real-time rob otics.

A common misconception ab out real-time computing

is that it is equiv alen t to \fast computing" [Stank o vic

1988]. As a result, most rob otics researc hers to date

ha v e treated the timing b eha viour of their systems in an

ad ho c fashion, re-engineering algorithms when testing

indicates that they are running to o slo wly or causing er-

rors. Without a rigorous understanding of the resource

requiremen ts and in teractions of their soft w are, these

testing-based e�orts are do omed to the same sort of

failures w e'v e seen in man y other w ell-tested em b edded

systems (e.g., Space Sh uttle launc hes dela y ed b y syn-

c hronization errors, Mars Ro v er and Deep Space One

failures caused b y improp erly-con trolled m ultitasking).

In real-time computing, the correctness of the system

dep ends not only on the logical result of the computa-

tion, but also on the time at whic h the results are pro-

duced [Stank o vic 1988]. The real-time systems comm u-

nit y has studied these issues and dev elop ed tec hniques

to address them using formal, rigorous tec hniques [Shin

& Ramanathan 1994; Krishna & Shin 1997]. In this

pap er, w e discuss our application of rigorous real-time

analysis and execution metho ds to Georgia T ec h's Mis-

sionLab system for rob ot tasking and con trol [Endo et

al. 1999; MacKenzie, Arkin, & Cameron 1997].

MissionLab allo ws a user to easily construct a set

of rob ot b eha viours, do wnload the b eha viours to the

rob ot, and execute the b eha viours while observing feed-

bac k data. Prior to our e�orts, the user could con-

struct an y set of b eha viours, com bining as man y com-

plex computations as he wished, and eac h b eha viour

w ould simply run \as fast as it could." Clearly , it is p os-

sible to assem ble b eha viours that o v erwhelm the rob ot's

computing system and will not meet the real-time con-

strain ts imp osed b y the en vironmen t. F or example, if

the rob ot's computer cannot run the obstacle detection

b eha viour quic kly enough, the rob ot will run in to ob-

jects.

Our w ork with MissionLab has three primary ob jec-

tiv es:

1. T o dev elop automatic real-time analysis metho ds

that assess whether a user-de�ned con�guration of

rob ot b eha viours will b e executed in a timely fashion

on a particular rob ot.

2. T o pro vide a real-time execution en vironmen t that



supp orts predictable, timely execution of b eha viour

con�gurations.

3. T o demonstrate the general applicabilit y of hard real-

time p erformance guaran tees for rob ots.

The system w e dev elop ed, R T-MLab, com bines Mis-

sionLab with Honeyw ell's MetaH real-time analysis

and execution to ol [Binns & V estal 1993; V estal 1997;

1998]. The MetaH to olset com bines mo delling, p erfor-

mance analysis, reliabilit y , and partition securit y with

automatic tailoring of e�cien t middlew are services for

em b edded computer systems.

R T-MLab lo oks almost exactly lik e the original Mis-

sionLab system from the user's p ersp ectiv e. Via the

original GUI, the user constructs a con�guration of b e-

ha viours. R T-MLab analyzes the b eha viours to deter-

mine whether they meet the timing constrain ts imp osed

b y the hardw are and execution en vironmen t. If the b e-

ha viours are feasible, they are compiled with MetaH

glue co de and do wnloaded to the MetaH execution en-

vironmen t, pro viding reliable real-time execution that is

guaran teed to meet the sp eci�ed timing requiremen ts.

The result: a r ob otic tasking and c ontr ol system that

guar ante es it wil l c orr e ctly exe cute any b ehaviour c on-

�gur ation it al lows the user to gener ate .

Arc hitecture

MissionLab

MissionLab is an end-to-end rob ot b eha viour sp eci�ca-

tion and execution to olset. Figure 1 sho ws the arc hi-

tecture of the o v erall MissionLab system.

The h uman op erator sp eci�es a mission b y dra wing

a �nite-state diagram using the Con�gur ation Editor .

Figure 2 sho ws a b eha viour con�guration for a can-

collecting rob ot. The end user selects b eha viours from

a library created b y a system designer.

When the b eha viour con�guration is ready , the user

binds it to a rob ot t yp e. A t this p oin t, particular

b eha viours are b ound to particular hardw are capabil-

ities. F or example, a \detect h uman" b eha viour migh t

b e b ound to an infra-red sensor on one rob ot, and

to a camera-based face-detection algorithm on another

rob ot.

MLab User
Interface Console

Robot Simulator

Mission
Operator

Configuration
Editor

Configuration
Network

Language (CNL)

Configuration
Description

Language (CDL)

GNU C
compiler

Figure 1: MissionLab Architecture.

Figure 2: The Con�guration Edito r.
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detect_obstacle

avoid_obstacle nav_at_goal

get_locationextract_goal

stop_robot

Figure 3: A simpli�ed net w o rk of CNL no des fo r a \(goto

x,y)" b ehaviour con�guration.

When the user clic ks the \compile" button, Mission-

Lab uses a series of compilers to generate a binary

executable. MissionLab �rst compiles the Con�gura-

tion Description Language (CDL) represen tation of the

rob ot b eha viours in to the Con�gur ation Network L an-

guage (CNL) . Eac h b eha viour sho wn to the user is

b ound to sev eral CNL no des. F or example, the user-

lev el b eha viour \(goto x,y)" requires the CNL no des

for obstacle detection, obstacle a v oidance, lo calization,

goal iden ti�cation, and other functions. Figure 3 sho ws

a v ery simpli�ed CNL net w ork for the \(goto x,y)" b e-

ha viour. The arro ws b et w een CNL no des refer to the


o w of information in the net w ork. After compiling the

user's b eha viour con�guration in to CNL, MissionLab

then compiles the CNL co de in to C, and then the C

co de in to a target binary .

The compilation pro cedure generates t w o \logical

units" of information, as sho wn in Figure 4. The �rst

is the b ehaviour , whic h forms the basis of the end user's

con�guration. The second, generated b y the CDL-to-

CNL compiler, is a CNL no de . Eac h b eha viour maps to

sev eral no des, and eac h no de ma y b e required b y sev eral

b eha viours. Eac h no de runs as a ligh t-w eigh t thread in
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Figure 4: Behaviours and No des in MissionLab. Each no de

runs as a light-w eight thread in the executable.

the executable. A t execution time, eac h thread (no de)

in the CNL net w ork runs con tin uously , generating a new

output v alue for eac h set of new input v alues.

The �nal step is to run the executable. The user clic ks

the \run" button and c ho oses to execute on either the

MLab sim ulator or a particular real rob ot. The MLab

GUI, sho wn in Figure 5, allo ws the user to monitor the

execution.

R T-MLab

R T-MLab is a rebuilt v ersion of MissionLab with new

capabilities including:

� Automatically calibrating CNL no de run times.

� Analyzing con�gurations of b eha viours for real-time

execution feasibilit y .

� Predictably executing b eha viour con�gurations and

enforcing guaran teed real-time timing constrain ts.

F rom the user's p ersp ectiv e, the in teraction with the

rob ots is the same, with one added functionalit y: b e-

fore compiling the b eha viour con�guration in to a bi-

nary , the user clic ks \analyze" in the con�guration edi-

tor, and MetaH will analyze the con�guration for feasi-

bilit y . That is, it c hec ks to see if all of the pro cess tim-

ing constrain ts and comm unication in terconnects form

a set of pro cesses that can b e successfully executed on

the rob ot, without violating an y timing constrain ts.

Figure 5: The MLab User Interface.

Figure 6 sho ws a high-lev el view of the R T-MLab

arc hitecture. The follo wing section describ es the R T-

MLab functions in more detail.

Real-Time Analysis

R T-MLab analyzes the co de that will b e running on

the rob ot using rate-monotonic sc heduling theory to

determine whether all pro cesses can meet their timing

constrain ts. W e ha v e replaced the MissionLab CNL-

to-C compiler with a new compiler that in teracts with

MetaH to analyze mission feasibilit y , and then generates

co de that pro vides hard real-time p erformance guaran-

tees when executed on a real-time op erating system.

While the user's in teraction with R T-MLab is essen-

tially the same as the user's in teraction with Mission-

Lab, the rob ot executable has c hanged signi�can tly . In

MissionLab, eac h CNL no de executes as a ligh t-w eigh t

thread. In R T-MLab, sets of CNL no des that run at the

same frequency are group ed in to a single MetaH pr o c ess ,

as sho wn in Figure 7. A t execution time, MetaH man-

ages the execution of eac h pro cess, and ensures that the

data
o w requiremen ts are met. Although MetaH sup-

p orts m ulti-pro cessor computation at b oth the analysis

and execution stages of in teraction, in this pap er w e

assume that the rob ot has one pro cessor.

There are t w o main adv an tages for setting di�eren t

p erio ds for di�eren t no des. The �rst is to ac c ommo-

date di�er ent-r ate sensors . Assume, for example, that

one sensor tak es �v e seconds to up date and pro cess in-

formation, while another tak es 100ms (sa y , vision and

sonar, resp ectiv ely). MetaH will run the faster sensor at

ev ery opp ortunit y , while using old data from the slo w er

sensor.

The second adv an tage is that mor e fr e quent pr o c esses

ar e tr e ate d with higher priority at run-time . As a re-

sult, critical pro cesses can in terrupt less imp ortan t pro-

cesses, ensuring that p erformance guaran tees are met.

F or example, ev en if a vision pro cess o v erruns its allo-

cated pro cessor time, obstacle a v oidance routines can

still ensure that the rob ot will not crash. In particular,

bac kground pro cesses will not a�ect the rob ot's exe-

cution p erformance. This feature allo ws some 
exible

sc heduling of the pro cessor, while ensuring that critical

routines will b e executed as frequen tly as necessary .
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Figure 7: Behaviours, No des and Pro cesses in RT-MLab.

MetaH manages the inter-p ro cess interactions.
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Figure 6: RT-MLab Architecture.

T o p erform real-time analysis, MetaH needs to kno w

three things ab out the pro cesses that will run in the

�nal executable:

1. the data
o w b et w een pro cesses,

2. the execution time of eac h pro cess, and

3. the p erio d of eac h pro cess.

The con�guration net w ork sp eci�es a data
o w diagram

b et w een CNL no des. F rom this net w ork, the new CNL-

to-C compiler builds the MetaH pro cesses, and deriv es

their execution times and p erio ds.

Data
o w

As eac h b eha viour con�guration is compiled in to CNL,

the compiler also extracts the data 
o w b et w een no des.

F or example, in the con�guration net w ork sho wn in Fig-

ure 3, the no de detect obstacle() reads the sonar v al-

ues and calculates an arra y of ob ject lo cations that are

used b y avoid obstacle() to calculate a desired tra v el

v ector.

This data
o w information serv es t w o purp oses. First,

it allo ws us to deriv e appropriate p erio ds for no des that

dep end on inputs from di�eren t sources, as describ ed

b elo w. F rom this deriv ation, the compiler can create

MetaH pro cesses that consist of all no des running at

the same p erio d.

Second, b y reasoning ab out the relativ e frequencies

of pro cesses that pro duce and consume data along par-

ticular data
o ws, MetaH to ols can automatically syn-

thesize the necessary comm unication bu�ers to supp ort

o v er- and under-sampling. F or example, if one pro cess

pro duces new data at a m uc h slo w er rate than the con-

suming pro cess runs, the data m ust b e bu�ered to sup-

p ort o v ersampling.

Execution Times

Execution times need to b e calibrated whenev er hard-

w are is c hanged on the rob ot, or when a new CNL no de

is added to the rob ot's capabilities. If a function re-

lies on particular features of the hardw are, its execu-

tion time ma y c hange. F or example, if w e c hange the

frame grabb er for a camera to a new frame grabb er with

higher resolution, the execution time of a vision routine

ma y increase.

The execution time of a MetaH pro cess is the sum

of the execution time of eac h of its constituen t no des.

The execution time of a no de will remain constan t for a

giv en hardw are con�guration, and hence the execution

time of a pro cess can b e directly calculated for eac h

b eha viour con�guration.

P erio ds

T o assess the feasibilit y of a b eha viour con�guration,

R T-MLab requires that eac h pro cess in the �nal exe-

cutable ha v e an assigned p erio d . The p erio d of a pro cess

is the length of time b et w een consecutiv e dispatc hes of

the pro cess. The rob ot designer sets the p erio d of a

CNL no de, and the CNL-to-C compiler places all no des

with the same p erio d in to a single MetaH pro cess.

Man y of the no des in a rob ot program ha v e p eri-

o ds that are hardw are-dep enden t. F or example, if the

sonars are b eing �red ten times p er second, then a no de

that acquires that sonar data should b e run ev ery 100

milliseconds. Since data 
o ws along the arro ws from

no de to no de, the p erio ds of upstream no des can b e

used to deriv e suitable p erio ds for do wnstream no des

that are not tied directly to hardw are inputs. W e w an t

sensor data to 
o w as quic kly as p ossible through the

net w ork, so w e mak e do wnstream no des run at least

as frequen tly as their most frequen t predecessor. The

system designer needs to set the p erio d for ev ery no de

with no inputs ( critic al no de ).

F or example, in the con�guration net w ork sho wn in

Figure 3, the detect obstacle() no de should b e run as

frequen tly as the sonars can �re. The get location()

no de, whic h �nds the curren t rob ot lo cation, is less crit-

ical than detecting obstacles, but its frequency deter-

mines ho w precisely the rob ot will b e able to ac hiev e a

giv en goal lo cation. The extract goal() no de, whic h

gets the goal lo cation from the GUI, can b e run less

frequen tly . Assume w e assign the follo wing p erio ds:

extract goal() 500 ms

get location() 250 ms

detect obstacle() 100 ms



The compiler can propagate these p erio ds to do wn-

stream no des, alw a ys selecting the more frequen t v alue,

generating:

nav at goal() 250 ms

stop robot() 250 ms

avoid obstacle() 100 ms

navigate() 100 ms

move robot() 100 ms

The compiler creates the follo wing three, indep enden t

MetaH pro cesses:

500 ms:

extract_goal()

250 ms:

get_location()

nav_at_goal()

stop_robot()

100 ms:

detect_obstacle()

avoid_obstacle()

navigate()

move_robot()

MetaH will guaran tee that eac h pro cess uses the

most recen t information a v ailable from (p ossibly

slo w er) pro cesses that it dep ends on. F or example,

navigate() ma y b e relying on 500ms-old data from

extract goal() . In a traditional, non-real-time arc hi-

tecture, comm unicatio n dela ys or other problems ma y

cause data to bac klog, and a pro cess migh t mak e deci-

sions based on out-of-date information. MetaH elimi-

nates the need to hand-manage data 
o w and latency

concerns.

Con�guration Analysis

The CNL-to-C compiler generates a set of MetaH pro-

cess, along with their data
o w, execution times, and p e-

rio ds. R T-MLab uses this information to assess the fea-

sibilit y of the user-lev el b eha viour con�guration. This

\sc hedulabilit y analysis" determines whether all pro-

cesses can b e executed at their sp eci�ed p erio ds. The

analysis includes comm unicatio n times b et w een no des,

and o v erhead generated b y the pro cess dispatc her.

The analysis returns the total (or actual) utilization

of the pro cessor, and the breakdo wn (or maxim um p os-

sible) utilization. F or example:

Total utilization = 83.5%

Breakdown utilization = 96.7%

Processor schedule is feasible

The breakdo wn utilization is an indication of ho w dis-

harmonic the pro cess p erio ds are. Harmonic p erio ds o c-

cur when eac h p erio d is an in teger m ultiple of all lo w er

p erio ds; a set of harmonic pro cesses is easy to sc hedule

on the pro cessor without lea ving signi�can t do wn-time.

Dis-harmonic p erio ds mak e it di�cult to sc hedule high

lev els of utilization. F or example, consider the t w o pro-

cesses A and B depicted in Figure 8. Pro cess A has an

execution time of 2 ms, and a p erio d of 5ms, yielding

a pro cessor utilization of 40%. Pro cess B has an ex-

1 2 3 4 50 6 7 8 9 10

A

B

40% utilization

46.4% utilization

Figure 8: A set of unschedulable p ro cesses that do not over-

load the p ro cesso r.

ecution time of 3.25ms, and a p erio d of 7ms, yielding

a pro cessor utilization of 46.4% utilization. Ho w ev er,

despite the fact that they w ould only utilize 86.4% of

the pro cessor's total a v ailable time, there is no w a y for

them to b e sc heduled to meet their timing constrain ts.

In the curren t v ersion of R T-MLab, the system designer

is resp onsible for selecting harmonic p erio ds.

Example

W e en vision the end user exercising R T-MLab's real-

time analysis to ols in an in teractiv e fashion. He w ould

build an initial b eha viour con�guration, and ask R T-

MLab to analyze it. If the con�guration is not feasible,

he w ould mo dify the con�guration, iterating un til he

ac hiev es a �nal, feasible con�guration.

As a simple example, consider an exploring rob ot that

hides at \home" whenev er it senses an enem y rob ot.

In our �rst con�guration, w e use the \Near(Ob ject)"

b eha viour to trigger the hide, and the \Mo v eT o(Named-

Lo cation)" b eha viour to get to the home lo cation, as

sho wn in Figure 9. The CNL net w ork for this con�gu-

ration con tains 52 no des.

MetaH uses our timing and p erio d v alues to deter-

Figure 9: Explo ring rob ot, using \Nea r" and \MoveT o". This

b ehaviour con�guration is not feasible.



mine the sc hedulabilit y of this con�guration, and re-

p orts that it is infeasible. One solution to this problem

is to replace some of the exp ensiv e b eha viours with sim-

ilar c heap er b eha viours.

The \Near(Ob ject)" b eha viour requires the rob ot

to (i) calculate what ob jects are detected and where

they are, and then (ii) calculate whether an enem y

rob ot is one of the sensed ob jects, and �nally (iii)

decide whether the rob ot is \near." This pro cedure

is extremely exp ensiv e, particularly when there are

man y ob jects in the en vironmen t. The b eha viour \De-

tect(Ob ject)," on the other hand, only requires the

rob ot to calculate whether the enem y rob ot is detected,

eliminating steps (ii) and (iii), and p oten tially signi�-

can tly shortening step (i).

The \Mo v eT o(NamedLo cation)" b eha viour requires

the rob ot to sense the home base b efore na vigating

there. If the home base do esn't mo v e, then w e can elim-

inate all the sensing steps b y replacing this exp ensiv e

b eha viour with a simpler \GoT o(x,y)" b eha viour.

By replacing b oth b eha viours in the con�guration, w e

get the con�guration sho wn in Figure 10, whic h yields

a CNL net w ork of 39 no des. This simpler con�guration

is feasible, while yielding the same general b eha viour

from the rob ot.

Figure 10: Explo ring rob ot, using \Detect" and \GoT o". This

b ehaviour con�guration is feasible.

F uture W ork

Our future w ork will fo cus on increasing the usabilit y

of the R T-MLab's real-time analysis features. Our goal

is to advise the end user through the pro cess of cre-

ating a feasible con�guration. W e will add t w o main

comp onen ts:

1. a guaran tee that user-settable parameters do not ex-

ceed rob ot-hardw are limits (e.g. the rob ot will read

sonar information frequen tly enough for its sp eed).

2. a searc h for alternate feasible con�gurations.

Hardw are Constrain ts

In order to guaran tee that user-settable parameters do

not exceed hardw are or en vironmen tal limits, w e in tend

to create functions relating rob ot parameters to pro-

cess p erio ds. W e will then c hec k that these constrain ts

are met. F or example, w e w ould lik e to guaran tee that

the rob ot pro cesses its sonar data often enough that it

do esn't bump in to ob jects. (Note that this constrain t is

an extension of the curren t guaran tee that the rob ot will

read its sensors and react with a sp eci�ed frequency .)

Let v = rob ot sp eed

p = sonar p erio d

a = rob ot acceleration

d = maxim um sonar visibilit y distance

e = total execution time of all pro cesses

in con�guration

Using these v ariables, w e can de�ne the follo wing con-

strain t:

d > = v � reaction time � stopping distance

d > = v � 2 p �

v

2

2 a

The reaction time of the rob ot is iden ti�ed as sho wn

in Figure 11. Note that the pro cess detect obstacle()

will b e exe cute d once p er p erio d; not that it will start

exe cution at exactly the start of the p erio d. The maxi-

m um reaction time is hence 2 p .

This function computes the pro cess p erio ds directly

from hardw are parameters (e.g., sonar range) and user-

sp eci�ed b eha viour parameters (e.g., rob ot sp eed).

These constrain t functions will augmen t R T-MLab

with t w o new abilities:

1. R T-MLab will guaran tee constrain ts at a m uc h more

abstract lev el than the pro cessor. R T-MLab cur-

ren tly guaran tees that the pro cessor will handle the

load placed on it. These functions will allo w R T-

MLab to guaran tee that the executable will meet cer-

tain b eha vioural p erformance requiremen ts.

2. R T-MLab will b e able to automatically deduce man y

of the pro cess p erio ds. Curren tly , the system designer

sets a �xed p erio d for eac h critical no de. By using

functions relating di�eren t hardw are capabilities to

eac h other, R T-MLab will b e able to automatically

calculate p ossible p erio ds for sensor-based no des.

Searc h for F easible Con�gurations

There are t w o w a ys to mak e an infeasible con�guration

feasible. The �rst is to relax the user's constrain ts. The
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Figure 11: Reaction time fo r obstacle detection. The p ro cess

\ X " refers to any other no des in the con�guration net w o rk,

and ma y b e scattered throughout the execution.

second is to automatically sw ap b eha viours for similar,

c heap er b eha viours. W e are still considering p ossible

designs for this second capabilit y , and hence do not con-

sider it here.

The constrain ts describ ed ab o v e con tain t w o t yp es of

v ariables: (1) hardw are v alues, suc h as the maxim um

�ring rate of the sonar card, or the execution time of

a pro cess, and (2) user v ariables, suc h as rob ot sp eed.

Hardw are v alues are �xed, but user v ariables can b e

relaxed. W e can solv e the constrain t equations using

the �xed v alues, yielding ranges on the v ariables.

W e in tend to use AI searc h tec hniques to searc h

through the space de�ned b y these v alues to yield fea-

sible solutions, and presen t those with the least impact

on p erformance to the user.

Related W ork

While there are man y reactiv e, b eha viour-based arc hi-

tectures for rob ot con trol (e.g., RAPs, subsumption,

3T), v ery few ha v e paid close atten tion to issues of

hard-real-time resp onsiv eness. Notable exceptions in-

clude Rex/Gapps, PRS, DR/MAR UTI and CIR CA.

Rex is a language used to describ e digital mac hines

that can b e view ed as reactiv e systems [Rosensc hein &

Kaelbling 1986]. Rex programs are compiled in to au-

tomata descriptions that p erform a constan t-time map-

ping b et w een inputs (sensors) and outputs (actuators).

Gapps [Kaelbling & Rosensc hein 1990] is a system for

compiling declarativ e descriptions of agen t b eha viours

in to Rex mac hines. Th us Rex/Gapps resem bles the

original MissionLab system in pro viding a p o w erful and

predictable reactiv e programming en vironmen t and ex-

ecutiv e. The impro v emen ts w e made b y adding real-

time analysis and execution supp ort w ould apply ev en

more smo othly to Rex/Gapps, b ecause of its formal

�xed-time basis.

The Pro cedural Reasoning System (PRS) [George�

& Ingrand 1989; Ingrand & George� 1990] has features

making it suited to real-time applications. Ingrand and

George� ha v e sho wn that, giv en certain assumptions

ab out ev en t frequencies and the form of the system's

pro cedural kno wledge, PRS can b e guaran teed to no-

tice (or b egin reacting to) ev ery w orld ev en t within

a b ounded time. This guaran tee is based on the fact

that PRS pro cessing is highly in terruptible. Ho w ev er,

\noticing" an ev en t is distinguished from resp onding to

the ev en t. It is also p ossible to limit PRS' inferencing

capabilities and mak e guaran tees ab out o v erall resp onse

time [Ingrand & George� 1990]. Ho w ev er, PRS has

not b een tied to real-time op erating systems or analysis

mec hanisms, so these p oten tial p erformance guaran tees

remain unrealized.

Hendler and Agra w ala [1990] did preliminary w ork

in tegrating an enhanced Dynamic Reaction (DR) sys-

tem and the MAR UTI op erating system to implemen t

guaran teed real-time reactiv e reasoning that closely re-

sem bles the output of R T-MLab, without the automatic

analysis and programming en vironmen ts. The DR sys-

tem sets up async hronous monitor pro cesses to c hec k

conditions on sp eci�c w orld mo del features: signals

from these monitors driv e c hanges in reactiv e activities.

The MAR UTI op erating system pro vides explicit sup-

p ort for sc heduling hard real-time tasks on distributed

systems, guaran teeing the execution of jobs that are ac-

cepted. By using MAR UTI to sc hedule and execute the

reactiv e elemen ts of DR, the com bined system can mak e

p erformance guaran tees. DR/MAR UTI do es not ha v e

mec hanisms to automatically reason ab out or analyze

its sc heduling requiremen ts.

The CIR CA system [Musliner, Durfee, & Shin 1993;

1995] com bines a hard-real-time reactiv e executiv e with

soft-real-time AI planning metho ds that automatically

generate reactiv e plans giv en a set of high-lev el goals.

CIR CA includes its o wn sc heduling mo dule that allo ws

it to reason explicitly ab out the real-time requiremen ts

of its reactiv e b eha viours, and automatically adjust

those b eha viours (plans) when its execution resources

are not su�cien t. In man y w a ys, CIR CA resem bles R T-

MLab with the user and GUI replaced b y AI planning

metho ds. W e are anxious to explore the p oten tial for

com bining CIR CA's planning capabilities with the al-

ternativ e execution seman tics o�ered b y R T-Mlab.

Summary

Our R T-MLab extensions to MissionLab pro vide real-

time sc hedulabilit y analysis and reliable real-time exe-

cution supp ort for rob ot b eha viour con�gurations. Us-

ing formal real-time analysis and execution to ols en-

sures that the rob ot programs created in R T-MLab will



b e executed as designed, without unpredictable tim-

ing b eha viour or comm unicatio ns dela ys. As one of

the �rst rob ot con trol arc hitectures pro viding hard real-

time guaran tees, w e b eliev e that R T-MLab is a ma jor

step forw ard in the deplo ymen t of reliable rob otic sys-

tems.
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