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Abstract

The illusion that reactive and hierarchical planning
methods are at odds with each other needs to be dropped.
By exploiting each method’s strengths, a synthesis of hier-
archical and reactive paradigms can yield robust, flexible,
and generalizable navigation. Psychological and neurosci-
entific studies support this claim.

1. Introduction

The integration of knowledge-based navigational
path planning and reactive navigation requires the
confrontation of many difficult problems. It can be
seen that each of these methods addresses different
subsets of the complexities inherent in intelligent nav-
igation. It is our contention that neither navigational
approach is entirely satisfactory when taken in isola-
tion, but rather that both must be taken into account
for the production of an intelligent, robust, and flex-
ible system.

Navigational path planning without consideration
for the difficult issues of plan execution leads to re-
stricted usage in very narrow problem domains and/or
extremely brittle mobile robot systems. A robot must
have the ability to respond rapidly and effectively to
changes that occur within its world. If a system at-
tempts to model and preplan for all of the eventual-
ities that could occur, it could get so bogged down
that the planning process never terminates (the qual-
ification problem). On the other hand, it is unsafe for
a robot to make gross assumptions about the world
that do not reflect its dynamic nature.

When most reactive/reflexive navigational systems
are considered by themselves, it can be seen that ro-
bustness is gained at the expense of some very im-
portant navigational characteristics: flexibility and
adaptability. Reactive navigation can be viewed as a
restrictive form of navigation that is quite well-suited
for specific fixed tasks and behaviors but lacks the
necessary adaptability to provide truly general and
versatile machines. The issues of action and percep-
tion are addressed, but cognition is ignored, limiting
these robots to mimicking low-level life forms. Rep-
resentational knowledge is necessary to enhance and
extend the behaviors of these machines into more
meaningful problem domains. This includes the in-
corporation of memory and dynamic representations
of the environment.

We feel that success ultimately lies in the integra-
tion of both of these techniques. Dynamic replanning
must be affected not only in a reactive manner but

also in the context of a more abstract plan, one repre-
senting the goals and intents of the robot at a variety
of planning levels. The issue should not be reactive
versus preplanned control, but rather how to synthe-
size a control regime that incorporates both of these
methodologies. Our research in intelligent navigation
is addressing this directly.

2. The Illusion

Two opposing camps have manifested themselves
in the navigational research community: the hierar-
chical school and the reactive school. Strong cases
can and have been made for the superiority of each
of these methods. We take the position that neither
camp is superior by itself, but rather that an alliance
should be forged between them. This is a consequence
of the fact that each approach is attacking a funda-
mentally different part of the problem.

The hierarchical approach is best suited for the
integration of world knowledge and user intent to ar-
rive at a navigational plan prior to its execution. Re-
planning with this method, however, at levels where
sensory data is merged into world models is cumber-
some. The reactive approach, on the other hand, is
well-situated to deal with the immediacy of sensory
data, but ill-equipped to integrate world knowledge.
A clear-cut distinction can be seen in the hierarchi-
cal planner’s heavy reliance on world models (either
a priori or dynamically acquired) while most reactive
planning systems avoid the use of world representa-
tions almost entirely.

The illusion is that both of these methods are deal-
ing with the same problem. The reality is that the
hierarchical school is involved with plan formulation
while the reactive approach copes with plan execution
and the issues of dynamic replanning.

2.1 A Brief History

Representative examples of both hierarchical and
reactive planners appear below, along with an assess-
ment of the successes and weaknesses of each paradigm.

2.1.1 The Hierarchical School

The many examples of hierarchical control sys-
tems share a structured and clearly identifiable sub-
division of functionality. This functionality is rele-
gated to distinct program modules which communi-
cate with each other in a predictable and predeter-



mined manner. Numerous examples illustrate this
technique [3,14,15,17,20,22].

A typical subdivision of functionality is dependent
on both planning scope and temporal constraints.
At the highest level of a hierarchical planner, the
most global and least specific plan is formulated. The
time requirements for the production of this plan are
the least stringent. As one proceeds down the plan-
ning hierarchy, the scope becomes narrower, focus-
ing on smaller regions of the world while requiring
more rapid solutions. At the lowest levels, rapid real-
time response is required, but the planner is only con-
cerned with its immediate surroundings and has lost
sight of the “big picture”. Meystel [18] has developed
a theory for hierarchical planning which emphasizes
the significance of scope and invokes the concept of
nested controllers.

2.1.2 The Reactive School

Brooks’ subsumption architecture is perhaps the
first and best known representative of the reactive
school of navigational planning. This approach ad-
vocates the “horizontal decomposition” of planning
into a collection of concurrent layered behaviors, each
connected to its own sensory inputs. Although this
method has arguably provided the most successful
demonstrations of autonomous behavior to date, it is
lacking in its ability to incorporate world knowledge
and alterations in user intent based upon changes in
environmental circumstances and internal conditions.
Even though early models of the subsumption archi-
tecture [10] did provide for the integration of world
models, it is our position that a better approach in-
volves a synthesis of hierarchical planning and reac-
tive control.

Several other navigational systems using reactive
planning have been developed. These include Pay-
ton’s reflexive behaviors [21], Kadonoff’s arbitration
strategies [13], and Arkin’s motor schemas [5]. Al-
though each of these methods differ significantly in
the way the primitive behaviors are integrated, con-
trolled, and selected, they share in common a decom-
position of motor action into a collection of primitives
which can be closely tied to incoming sensory infor-
mation.

2.2 Removal of the Veil

What can we extract from this quick review? We
have seen that hierarchical planners have a heavy re-
liance on world models; they can readily integrate

world knowledge, and navigational planning in the
context of scope can be readily handled with this
technique. These features are crucial characteristics
for plan formulation. Reactive planners produce ro-
bust, demonstrable navigational successes, they af-
ford modular development and incremental growth
and are tightly coupled with arriving sensory data.
These are crucial characteristics for plan execution.

A union of these two approaches can potentially
yield the best of both worlds. If done poorly it can
yield the worst of both worlds. How can a unifying
methodology be developed that will ensure a system
that is capable of robust navigational plan execution
yet taking into account a high-level understanding of
the nature of the world and a model of user intent?

(Read on ...)

3. The Path to Unification

Recognizing that two different problems are being
addressed, we look not towards the superiority of one
navigational methodology over the other, but rather
towards a synthetic, integrative approach that applies
both of these paradigms to the issues of navigational
planning, using each where it is most appropriate. We
do this by first examining how the most successful
systems for navigation, animals, provide psychologi-
cal and neuroscientific evidence for the co-existence
of two compatible planning and execution systems:
one concerned with plan formulation, and the other
with automatic reflexive plan execution.

3.1 Motivation

Before studying the biological basis for our posi-
tion, we examine another class of methods involved in
finding solutions to navigational problems which we
collectively refer to as “transcendental” engineering.
These researchers remain unconcerned with the exist-
ing solutions found in biological systems and believe
that they should not be constrained by or concerned
with such methods. A representative transcenden-
tal engineering example is found in the work involv-
ing high-speed dynamic control for automatic road-
following proceeding in Dickmann’s group at Munich
[11]. Although arguments against relying on biologi-
cal systems for potential solutions can be made (e.g.,
robots use fundamentally different hardware, evolu-
tion is perhaps not the best instructor) we nonethe-
less are convinced that much insight can be gained
by an understanding of the machinations of biologi-
cal systems.



Psychological and neuroscientific models of behav-
ior can provide an existence proof for the success of
the integrative strategy that we have proposed for the
combination of elements of hierarchical and reactive
planning and control. Tt is also important to be flexi-
ble in our use of the models developed by scientists in
other fields, as our goal is not to create artificial du-
plicates of existing creatures, but instead functioning
autonomous agents that may have some behavioral
overlap with their biological counterparts.

3.1.1 Psychological evidence

Psychological studies [24] have indicated the exis-
tence of two distinct modes of behavior: willed (con-
trolled) and automatic. Norman and Shallice [19]
have enumerated the characteristics of tasks requiring
willed control (deliberate attentional resources):

e Planning (decision-making)

e Troubleshooting

e Novel or poorly learned actions (non-reflexive)
e Dangerous or difficult actions

e Overcoming habit or temptation

Other motor actions are typically automatic (re-
active) and can occur without attention. A content-
ion scheduling mechanism for multiple active motor
schemas models the production of co-ordinated be-
havior. Higher level processes involving attention, al-
ter the threshold values for schemas (loosely trans-
lated as basic behaviors), dynamically changing the
interplay between them. (Psychological support for
schema use in a strictly horizontal manner is well-
established [23]). This model incorporates aspects of
both vertical and horizontal control threads (in a sim-
ilar sense as Brooks’ use [10]). Multiple horizontal be-
haviors are mediated by vertical threads which inter-
connect the various behaviors and allow for their dy-
namic modulation as a result of attentional resources
(planning, troubleshooting, etc.). The schemas are
triggered by perceptual events but modulated by at-
tentional processes. This provides a coherent psy-
chological model for the integration of multiple con-
current behaviors that are controlled by higher level
processing.

The Norman-Shallice model points out several in-
terconnects between deliberate and automatic con-
trol:

e Automatic schemas are modulated by attention
arising from deliberate control.

e Schema selection is the principal function of de-
liberate control. (Vertical threads provide the
selection mechanism).

e Schemas (behavioral tasks) are in competition
with each other.

e Neuropsychological experiments are consistent
with this model.

The evidence supporting the existence of a dis-
tinct supervisory attentional system is considerable.
Even if this theory ultimately fails as an account of
the basis for psychological motor behavior and plan-
ning, the model may nonetheless prove useful in its
own right as a basis for the integration of hierarchical
and reactive control systems in robots.

3.1.2 Neuroscientific evidence

Higher level control of multiple independent sub-
systems is well evidenced in the neuroscientific liter-
ature. There are several instances where the coordi-
nation of locomotion is determined by autorhythmic
neurons that are used for motor action pattern mak-
ing (e.g., in the beating of fins in fish). Motor neu-
rons, whose firing is invoked from higher level neural
processing, activate these automatic behavioral pat-
terns [12].

Experimental studies by Humphrey [16] at Emory
University have elucidated the interconnection be-
tween low-level local motor control and its modula-
tion by higher level processing. By analyzing the sig-
nals arising from the central nervous system, spinal
neural circuits, and the local innervation of muscles
in the context of grasping in monkeys, several dis-
tinct roles for control were observed. Local control in
essence managed the servoing processes while higher
level processing providing the signals to adapt to large
changes in position.

4. AuRA as an Integrative Method for

Planning/Execution

The Autonomous Robot Architecture (AuRA [1,2])
has from its onset been concerned with the integration

of hierarchical and reactive planning mechanisms. AuRA

is the framework in which our experiments in mo-
bile robot navigation are conducted. Within the con-
text of this system, we have developed techniques
for navigational path planning in the presence of a
priort world models [3], spatial uncertainty manage-
ment [4], reactive/reflexive navigation [5], dynamic



replanning in hazardous environments [6], and the
integration of vision in the context of action-oriented
and expectation-based perception [7]. Navigational
experiments using our mobile robot have been con-
ducted in several locales, including the interior of
buildings, outdoor campus settings, and manufactur-
ing environments [8].

Our system exploits several forms of knowledge
representation: a prior: world maps and landmark
models, dynamically acquired spatial occupancy maps
in a local context, and collections of intelligent motor
behaviors and perceptual strategies (schemas) which

are selected, parameterized, and instantiated in a man-

ner consistent with available knowledge.

Much of our work has been and continues to be in-
fluenced by psychological and neuroscientific studies
[9]. Although complete integration of the hierarchical
planner (consisting of a mission planner, navigator
and pilot) remains to be accomplished, the mecha-
nisms for behavior selection and modulation are in
place. The mission planner is concerned with the
high-level broad-brush concerns of the robot’s mis-
sion. It has the grandest scope and the least tem-
poral constraints. The subordinate navigator chooses
a point-to-point path consisting of a series of piece-
wise linear segments produced through an a prior:
map of the robot’s world and that is consistent with
the mission planner’s specifications. The pilot then
focuses further on an individual segment of the nav-
igator’s path and selecting and parameterizing the
appropriate motor schemas and perceptual strategies
necessary for successful completion of the path leg.

When plan formulation is completed by the selec-
tion of motor and perceptual schemas, plan execution
is turned over to the motor schema manager which in-
stantiates the individual schemas. The configuration
and activity levels for each of these individual reactive
schemas changes dynamically as the robot proceeds
through its world.

If goal attainment is not realizable at the reactive
plan execution level, the hierarchical planner is rein-
voked to compute an alternate strategy based upon
available world models (first referring to a dynami-
cally acquired model and if that fails then the a pri-
ori one). Complete integration of the plan formula-
tion/execution system and coping with plan failure
constitute two of our active research areas.

5. Conclusions

The false dichotomy that exists between hierarchi-
cal and reactive planning systems should be dropped.

Strong evidence exists that forms of both of these sys-
tems are used in animal navigation. From this, the
inference can be drawn that they are compatible and
symbiotic. Plan execution is highly appropriate for
reactive control, while plan formulation is appropri-
ate for hierarchical systems which maintain the ability
to reason over levels of world representation.

Our research will continue in the hopes of discov-
ering the true synergism that can exist between these
superficially different paradigms. Integration of new
models of behavior (e.g., the Norman-Shallice model
(Sec. 3.1.2 [19]) can provide a firm foundation to build
upon.
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