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Abstract

beat an abstract
levelandisinvariably
reversible
ina
way thatgenuineactionis not.For example,
STRIPS
operators
arenotrealactions,
butmodelcertain
properties
of thoseactions
forthepurposes
ofsearching
the
spaceofpossible
courses
of actions.
We willsaythatan agent’scommitment
to an action
orseries
of actions
is thespaceof situations
in which
theagentwillalwaystakethe action.For example,
a traditional
planner
willcommitto a sequence
of actionsunlessan execution
monitor
indicates
a needfor
replanning.
A conditional
planner
commits
to a particularaction
(orsequence
of actions)
onlyin casecertain
conditions
aremetat thetimethattheaction
is to be
taken.A universal
planis a fullyconditionalized
plan
in whicheverystepof everyaction
sequence
depends
on
conditions
at thattime.Allthreeof these"planners"
useprojection
to select
an appropriate
action
sequence,
though
in thecaseoftheuniversal
plan,theprojection
isdoneoff-line.
Theadvantage
of projection
is -- undermostcircumstances
-- increased
knowledge;
thecostincurred
is the
timeandenergydevoted
to projecting
ratherthanacting.Thebenefit
of remaining
uncommitted
is increased
flexibility
to respond
topotentially
unanticipated
situations;
itscostcomeswhena newcourseof action
must
be decidedupon.

Recent
action
selection
architectures
relyon planning,reaction,
or both,ignoring
thewidespectrum
of architectures
in between.
Thispaperrecasts
theaction
selection
problem
in termsof projection,
commitment,
andabstraction.
Introduction
The problem
of action selection, selecting appropriate
actions to perform in a given situation, has received a
great deal of attention in AI. Muchof the recent discussion about action selection has concerned the distinction between ~planning" and "reaction, = terms with
which few researchers have been entirely happy. While
there is broad consensus that planning and reaction are
two points on a spectrum rather than opposing sides
of a dichotomy, we believe that the use of these terms
has encouraged the conflation of other, more basic, distinctions. Furthermore, it has encouraged researchers
seeking intermediate points in the planning/reaction
spectrum to consider mostly hybrid systems formed by
fusing pure planning with pure reaction, rather than
searching for truly novel algorithms.
This paper is a purely personal view of the field as we
see it. Based on our own experiences in designing and
building mobile robots, we believe that there are a wide
variety of useful and as-yet-unexplored design possibilities. Wehope that the following discussion will encourage others to consider non-traditional as well as traditional approaches to designing the control of robotic
systems.

Projection
are

and commitment
orthogonal

People sometimes assume that projection requires commitment. This is easy to do, since muchof the literature
divides action selection algorithms firmly into the categories of "reactive" systems (no projection, no commitment), and "planning" systems (high projection, high
commitment). However, the two axes really are orthogonal. Let us, for rhetorical purposes, define a reactive
system to be any system whose control structure has
the following form:

Projection
and Commitment
Rather than a spectrum from planning to reaction, we
believe that action selection systems are better characterized in terms of the orthogonal axes of projectio~ and
commflme~t.
Wewill use projection to mean the use of knowledge
about the expected outcomes of hypothetical actions for
choosing actual actions. In traditional planning, projection is explicit. It typically involves the Usimulation"of
various courses of action, though this simulation may

do forever
action = choose-actlon(current-situation)
performaction
end
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and define a planner/executive
system to be any system
whose control structure has this form:

different sequence more appropriate.
Conditional planners similarly exploit knowledge not available at planning time to permit later tailoring of action selection,
though in general conditional planners involve at least
a moderate degree of commitment.
Commitment without projection
involves selecting
a
sequence of actions without first analyzing its potential consequences; while often a bad idea, it is far from
unimaginable. Indeed, in biological systems, such commitment without projection
is common and know as a
fixed action pattern [5][16]. 2 Even within robotics, certain control ~.specially of industrial
assembly, etc.-may have a similar form.

do forever
actions
= plan(goal,current-situation)
for each action
in actions
do
perform action
end
end
The planning system outlined above probably performs a great deal of projection to construct actions.
It also maintains a great deal of commitment--once
actions has been selected,
its execution continues
(roughly) uninterrupted.
However, we can trivially
modify the planner to give it the form of a reactive
system, simply by defining choose-action()
to be:
first

(plan

(goal,

current-situation)

so that the agent control structure
do forever
action = first
per~ orm action
end

Abstraction

(plan(goal,

and projection/commitment
are orthogonal

It is also easy to assume that projection and commitment are required for =high level", "abstract"
operations, while reactivity is required for "low level", high
speed operations. Such a division of labor is attractive
for a number of reasons:

looks like:
current-situation))

¯ Level of abstraction is correlated with time scale. The
low levels often need to run fast, so reactive systems
are usually chosen over deliberative
planners.

Now we have a system which on every "clock tick" considers the current situation, projects an action sequence
which will accomplish the desired goal, executes the
first action of that sequence, and throws the rest of
the sequence away. On the next tick, it recomputes
the sequence from scratch. 1 This system performs as
much projection as the planner--or more, since it is reprojecting
at each time step---but
makes minimal commitment to the projected action sequence---making it
responsive to environmental change, but at the cost of
high projection overhead.
The original planner’s projection is implicit in the
fact that plan examines long sequences of actions rather
than just isolated actions. Its commitment comes from
a separate source, the fact that it stores and ezecu~ea
these complete action sequences before reevaluating the
situation.
Projection
and commitment are correlated
in traditional
systems not for logical reasons, but for
engineering reasons: when projection is expensive, programmers "cache" the action sequence and only recompute it when absolutely necessary.

¯ Low level actions are often unpredictable:
getting
from one end to a corridor to the other can be implemented fairly reliably, allowing us to abstract it as
a single operation,
but the instantaneous
responses
of motors to movement commands may be much less
predictable,
particularly
over hard-to-model terrains
such as carpets. Again, reactive systems are typically
chosen to cope with this unpredictability.
¯ Abstract actions are, of necessity,
formed out of
chains of concrete actions. Forming chains of actions
is precisely what planners are good at.
A common design in current autonomous systems is
the so-called
=three level architecture"
or aTLA" in
which which different levels of abstraction are rigidly
divided up amongst different
types of implementation
machinery:
¯ low level motor control
servo loops,

We

is performed by continuous

¯ medium level control is performed by discrete-symbol
reactive systems, and

can consider other points in projection/commltment
space. Projection
without commitment is often a useful strategy in domains where additional knowledge is
likely to be available later. The "reactivized" planning
system discussed above is an extreme example of projection
without commitment. Many game playing programs project (e.g.,
through minimaxing) to choose
next move, but do not commit to any sequence of later
moves. Indeed, such commitment would be foolish, as
the opponent’s choice of move may make a completely

¯ high level
planner.

control

is performed

There are of course many variations.
[7][4][12].

by a conventional
For examples, see

2For example, upon finding a misplaced egg outside its
nest, the greylag goose will roll the egg back into the nest
by repeatedly making pushing motions with its beak. This
fixed action pattern--the beak pushing--continues even if
the egg is removed[16].

x Of course, the clock ticks might be measured in hours...
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Mobile robot hallway navigation:
(projection,
followed by reaction)
For example, the mobile robot community (the authors included) have been increasingly wed to hierarchical models of navigation in which low level navigation
is performed by reactive path following and collision
avoidance, while high level, goal directed navigation is
performed by search of a topological representation of
space (see e.g. [12][15]). In short, high level projection,
followed by low level reaction. In most familiar environments, this is a pretty good architecture. However,
it is not difficult to construct other environmentswhich
call for qualitatively different methods. They need not
even be particularly pathological.
Navigating grids: (reaction,
reaction)
For example, consider driving through midtown Manhattan with a moment-to-momenttraffic report playing on the radio. Here, the topology of the world is
extremely simple, but the dynamics can be rather intense. Clearly, one needs do be able to do reactive path
following and collision avoidance at the low level. But
what about the "high level" choice of path sequences?
Projection buys you relatively little in terms of path
optimality: if you’re going the wrong way, you can can
almost always take the next turn (or the second, if the
next is one way the wrongway). Also, large scale traffic
patterns change from momentto moment--particularly
given NewYork taxi drivers--so the ability to continually change streets can be extremely valuable. Thus,
even at the more abstract level, a reactive system may
be the right type of controller.
Treacherous
paths:
(projection,
projection)
On the other hand, consider a problem such as rock
climbing or walking across a rocky shore. Here we also
have a high level/low level structure: you can see the
terrain from a distance and plan out a coarse paths
but you can’t plan the details of your movementsuntil
you’re close enough to see the handholds and footholds.
You may well want to use some sort of projection for
high level path selection, be it through classical planning or not. However, in these environments, even following the paths may require large amounts of projection, even if the actual selection of handholds and
footholds is still highly opportunistic. Beginning rock
climbers in particular do a great deal of explicit reasoning, like "if I go for that hold with myleft hand, then
I’ll stretch myright leg too muchand I might fall."
Weaving in traffic:
(reaction,
projection)
One can even imagine odd situations which call for reactive selection of paths, but deliberative following of
paths. Imagine trying to do optimal weaving through
traffic in Manhattan. You might want to do elaborate
projection to decide when it’s safe to perform a given
illegal passing operation. Youmay need to plan out the
timing in advance ("wait to start until the blue Honda
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passes, but finish the pass before we get to the intersection"). Thus the "low level" path following might be
arbitrarily complicated. On the other hand, there’s no
point to committing to an extended series of streets in
advance, for the same reasons cited above.
Environmental
Variations
In short, environments and actions vary along several
dimensions. The location of a particular environment
and action model within this space partially determines
which results will be optimal according to a variety of
metrics.
A predictable environment is one in which changes
can be reliably anticipated. This may be because the
environment does not changc as in the original singleagent benign-environment planner model--or because
it changes only in well-understood ways, as in simple
linear systems. Note that predictability does not imply a static environment. For example, the video game
Pac-Manhas a predictable but rapidly changing environment: the rules governing the paths of the ghosts
are extremely simple, and expert players frequently use
precompiled plans for particular situations. Strategy
gamessuch as chess are at the opposite end of the spectrum: their inherent unpredictability means that prior
projections will generally be invalidated by the next
move, making commitment unwise. In a predictable
environment, it is safe to commit to your projections
(or even to precompile them); in an unpredictable environment, commitment--and often even projection--is
inadvisable.
A stable environment changes only slowly with respect to the rate of actions and action selection of the
agent. In one extreme, a stable environment does not
change at all (other than by action of the agent);
the other, waiting even briefly may dramatically alter
the environment in which the agent finds itself. Stable
environments are predictable, allowing both projection
and commitment; unstable environments may be either
predictably or unpredictably so.
A hostile environment is one in which certain actions
(or lack thereof) can be extremely costly. In these environments, when stable, experimentation is discouraged
and added time to project may have a substantial payoff. Whenunstable and predictable, precompiled plans
(advance projection coupled with real-time reaction)
can be invaluable. Unstable, unpredictable, and hostile environments are amongthe most difficult to deal
with: rapid (unpremeditated) action can be dangerous
or, alternatively, necessary.
A complez environment is one in which projection is
costly or difficult.
Environments may be complex because they are unpredictable, or simply because they
are difficult to characterize. Instability and unpredictability contribute to environmental complexity, but
so does a wide range of variation in environmental circumstance or a dependence on hidden variables in the
environmental state. Given the complexity of projec-

tion, off-line projection (as in universal plans or fixed

action patterns) maybe extremely valuable. Conversely, simple environments increase the utility of online real-time projection and, often, commitment.
An action is rerersible if its effects can be undone
at cost not substantially greater than the original action. For example, navigation in a benign environment is generally reversible. Whenmost actions are
reversible, experimentation becomes cheap(er) and the
relative value of projection--mental experimentation in
place of physical--decreases.

Interesting

intermediate

points

Of course the world never was divided into "pure planning" and Upure reactive" systems. There is a long history of interesting intermediate points which perform
varying degrees of projection and commitment without
simply nailing STRIPS onto a subsumption program.
Thespreading-activation
basedsystems
of Mataric’s
Totorobot[15]andMaes’sbehavior
networks
[14]are
bothexamplesof whatamountto classical
planners
whichhavebeentransformed
intoreactive
systems
by
constantly
rerunning
thegraphsearch(c.f.section
).
They performprojection
with minimalcommitment.
(Toto’s
"planner"
sitsatopa moretraditional
reactive
navigation
system.)
Manyreactivesystemsare generated
somesortof
deliberative
system(e.g.a compiler
or planner).
suchcases,
we canthinkof thereactive
system
as utilizingprojection
thatwasperformed
%if-line"
by the
deliberative
system.
Themostextreme
caseof thisis
Schoppers’
universal
planner
[18],whichexhaustively
searches
thespaceofpossible
situations
soas togeneratea situation--*action
tablethatcandrivea reactive
system.Kaclbling’s
GAPPSsystem[11]compilesabstract
goalspecifications
directly
intosequential
circuit
descriptions.
Stein’sMetaToto
system[19]performs
additional
off-line
projection
totheTotosystem
by explicitly
simulating
itsownreactive
control
system
in a
metricmodelof theenvironment
provided
by an operator.
Manysystems
"cache"
on-line
deliberation
intolargescalechunksthatcanbe usedin thefuture.
Thusonlineprojection
is reused
as off-line
projection.
Theearliestexampleof thiswas the MACROPssystemused
on Shakeytherobot(seeFikes,HartandNilsson
[6]),
whichuseda formof explanation-based
generalization
to generalize
andstoreplansforfutureuse.Sussman’s
HACKERalsomaintained
a librariesof plans(programs),
potential
bugs,patches
to gradually
improve
itsperformance
overtime.SOAR(Laird,Newell,and
Rosenbloom
[13])useschunking
of oldreasoning
as
generalmodelof learningand performance
improvement. Hammond’sCHEF system[8], which uses an
extensive
database
of previous
casesto doas little
new
planning
as possible.
Theextreme
caseof thecaching
approach
is to store
thecachedprojection
in theformof reactive
"hard-
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ware"whichhasdirectaccess
to thesensors
andeffectors.Agre’sLifesystem[2]useda conventional
rulebasedsystemto directactionin a simulated
blocks
world,butcachedtheresults
of therulefirings
in a
truthmaintenance
system.The systemran veryfast
in familiar
situations,
butcouldhandle~novel"
situationsby slowingdown.Agre and Chapman’sPengi
system
[3]waseffectively
Lifewiththerule-based
system removedand the TMS networkcompiledby a programmer.
Nilsson’s
Teleo-reactive
programming
system
[17]alsoincrementally
compiles
to something
similar
to
combinatorial
logic,butprovides
theprogrammer
with
a fulllisp-like
language
forspecifying
programs.
Finally,
thereareexamples
of systemthatusereactivesystems
forbothhighlevel
andlowleveloperations.
ThePollyrobot(Horswill
[10][9])
is a running
example
ofthereactive/reactive
architecture
forgridfollowing
discussed
in section
. AgreandHorswill’s
Toastsystem[1]handles
subgoaling
andcoordination
of multiple
goalsin a purely
reactive
system
by storing
the"plannerstate"outin theworld.Of course,
it canonlydo
thisbecause
it knowsa lotabouttheparticular
class
of problems
on whichit works(cooking
in a simulated
kitchen).

Summary
The point of the foregoing discussion is not to advocate reaction over planning, or even to advocate any
particular
architecture
atall.Rather,
we wouldliketo
decouple
projection
fromcommitment
fromabstraction
andto encourage
useof a widerrangeof pointsin the
projection/commitment/abstraction
space.In our own
work,we haveoftenfoundnon-traditional
approaches
to be surprisingly
appropriate.
The question
of what
approach
is bestsuited
to a particular
environment
and
taskcanultimately
onlybe determined
by careful
study
of both.We hopethatthispaperwillencourage
others
to explore
moreversatile
architectures
thantheTLA.

References
[1] Philip Agre and Ian Horswill. Cultural support
for improvisation. In Tenth National Conference
on Artificial Intelligence, Cambridge, MA,1992.
AmericanAssoiciation for Artificial Intelligence,
MIT Press.
[2] Philip E. Agre. The dynamic structure of everyday
life. Technical Report 1085, Massachusetts Institute of TechnologyArtificial Intelligence Laboratory, October 1988.
[3] Philip E. Agre and David Chapman. Penal: An
implementation of a theory of activity. In Proceedings of the Sizth National Conference on Artificial
Intelligence, pages 268-272, 1987.
[4] Jonathan H. Connell. Extending the navigation
metaphor to other domains. In Marc Slack and
Erann Gat, editors,
Working notes o/the AAAI

Fall $ympoaiumon Applications of Artificial Intelligence to Real- World AutonomousMobile Robots,
pages 29-35, Cambridge, Massachusetts, 1992.
AmericanAssociation for Artificial Intelligence.
HumanEthology. Aldine
[5] Irenaus Eibl-Eibesfeldt.
de Gruyer, NewYork, 1989.

andsituated
cog[19]LynnAndreaStein.Imagination
nition.Journal of Ezperimental and Theoretical
Artificial Intelligence, to appear.

[6] Richard Fikes, Peter Hart, and Nils Nilsson. Learning and executing generalized robot plans. In
Bonnie Lynn Webber and Nile J. Nilsson, editors,
Readings in Artificial Intelligence, pages 231-249.
Morgan Kaufman, Los Altos, CA, 1981.
[7] Erann Gat. Integrating planning and reacting in a
heterogeneous asynchronous architecture for controlling real-world mobile robots. In Proceedings,
AAAI-g~, 1992.
[8] Kristian J. Hammond.Chef. In Christopher K.
Riesbeck and Roger C. Schank, editors, Inside
Case-Based Reasoning, chapter 8, pages 165-212.
Lawrence Erlbaum Associates, Hillsdale, NJ, 1989.
[9] Ian Horswill. Polly: A vision-based artificial agent.
In Proceeding, of the Eleventh National Conference
on Artificial Intelligence, pages 824-829. AAAI,
MITPress, 1993.
[10] Ian Horswill. Specialization o/perceptual processes.
PhDthesis, Massachusetts
Institute
of Technology,
Cambridge,
May 1993.
[11]LeslieP. Kaelbling.
Goalsas parallel
program
spcifications. In Proceedings, AAAI-88, pages 60-85,
St. Paul, MN, 1988.
[12] Benjamin J. Kuipers and Yung-Tal Byun. A robust, qualitative approach to a spatial learning
mobile robot. In SPIE Advances in Intelligent
Robotics Systems, November1988.
[13] John E. Laird, Allen Newell, and Paul S. Rosenbloom. Soar: An architecture for general intelligence. Artificial Intelligence, 33(1):1-64, 1987.
[14] Pattie Mses. Howto do the right thing. AI Memo
1180, MITArtificial Intelligence Laboratory, December 1989.
model for mo[15] Maja Mataric. A distributed
bile robot environment-learning and navigation.
Technical Report 1228, Massachusetts Institute of
Technology, Artificial Intelligence Lab, May1990.
[16] David McFarland.
Animal Behavior:
Ps!/chobiolog~/, Ethology, and E~olution.
The
Benjamin/Cummings Publishign Company, Inc.,
MenloPark,California,
1985.
Teleo-reactive
programs
foragent
[17]NileJ. Nilsson.
control.
Journal of Artificial Intelligence Research,
1994.
[18] M. J. Schoppers. Universal plans for reactive
robots in unpredictable environments. In Proceedings lOthIJCAI,pages1039-1046,
1987.

86

