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1 Introduction

James Albus states that "an architecture is a description of how a system is constructed from basic
components and how those components fit together to form the whole" (Albus, 1995). A software
architecture for physical agents reflects the organising principles that its designers have learned
from many prior experiences in building such agents. Architectures that have been proposed for
physical agents have differed greatly—from subsumption (Brooks, 1986) to Soar (Laird et al.,
1987). However, a surprising consensus about architectures is beginning to emerge within the small
community of researchers applying artificial intelligence to robotics. The consensus is that a multi-
layer, hierarchical architecture is necessary. In particular, the community is moving towards a
three-layered architecture. The lowest layer is a reactive control system inspired by subsumption
(Brooks, 1986). The top layer is a traditional symbolic planning and modelling system. The middle
layer is the key; it serves as a "differential" between the short-range reaction and long-range
reasoning.

2 Layered architectures

Layered architectures are not a new idea. Cognitive psychologists have long noticed different time
scales in human behaviour. Newell (1990) describes a biological band, a cognitive band and a
rational band within the time-scale of human action. The biological band operates on the order of
1-10 ms, the cognitive band operates on the order of 100 ms-10 s, and the rational band operates on
the order of minutes to hours. Newell also added a social band, which operated on the order of days
to months.

The robotics community arrived at a similar functional decomposition via a different path. Early
mobile robot work, such as Shakey (Nilsson, 1969), created symbolic plans that would take the
robot from its current world state to a desired world state. STRIPS (Fikes & Nilsson, 1971) grew
out of such work. However, researchers soon found that these symbolic reasoning systems could
not react quickly enough to a dynamic world. In essence, the pendulum swung the other way and
reactive, situated robots proved their effectiveness (Agre & Chapman, 1987; Brooks, 1986).
However, such robots could not easily demonstrate the ability to guide their reactions in order to
achieve multiple, long-range goals. For some years there was a gulf between reasoning and situated
reaction. Since the late 1980s, though, there has been a series of efforts to integrate deliberation
and reaction (Bonasso et al., 1992; Connell, 1992; Firby, 1987; Gat, 1992; Sanborn et al., 1989;
Schoppers, 1987).
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While a consensus is emerging that deliberation and reactivity need to be integrated into a single
robot control architecture, a recent AAAI Spring Symposium pointed to several open research
issues that hinder progress. These issues are discussed in the next few sections.

3 Bridging deliberation and reactivity

The middle layer of the three-layered architecture exists to serve as a mediator between
deliberation and reactivity. The most promising system for such a role is the Reactive Action
Packages (RAPS) of Jim Firby (1987, 1992,1994). RAPs takes a set of high-level tasks generated
by a planner and recursively decomposes them into a set of reactive skills that can be run on the
robot. RAPs then activates and deactivates these sets of skills to accomplish tasks. RAPs is also
responsible for monitoring the execution of the skills to see if they are moving the robot towards the
goal. If the task is not being achieved, RAPs can choose another method for achieving the same
task or take other corrective action. RAPs has been used as the middle layer in several three-layer
architectures (Bonasso, 1991; Elsaessar & Slack, 1994; Firby, 1994; Gat, 1992).

Much progress has been made in denning the middle layer in the three-layer architecture,
especially with regards to how to take high-level task descriptions, decompose them into primitive
robot operations and then monitor those operations. However, there still remain many open
issues. For example, there is no principled methodology for how the middle layer can abstract
indexical perceptual information from the bottom layer into symbolic representations for the top
layer. The bottom layer requires representations that are direct and fast, while the top layer
requires representations that are rich and computationally slow. The middle layer will need to
provide an intermediary representation that can serve both purposes. Another open issue is how to
keep reaction and deliberation in synch when they operate at very different time scales. In theory,
the middle layer serves as a "differential" between short-term reactions and long term reasoning,
but the mechanics underlying this differential are still unknown.

4 Learning within a layered architecture

As Herbert Simon puts it, learning is changing an agent's internal structure so that the agent can
improve its long-term performance. A superior architecture organises internal structures of an
agent in a way that can facilitate learning. In a three-layered architecture, learning within the
lowest level improves the agent's reflexive actions; learning in the highest level improves cognitive
skills; and learning in the middle layer improves the coherence between the other levels.

We contrast this with learning that takes place in between layers. By migrating planful
behaviour from the highest layer to reactive behaviour in the lowest layer, a task that is highly
cognitive in the beginning (i.e. cognitive expertise) can become reactive and skilled in the future
(Hexmooret al., 1993). Also, through learning, repeated patterns of interactions (i.e. motorskills)
at the low level can be redefined using cognitive concepts at a later time. The mechanisms for
achieving this migration of skills between layers are still unknown. However, the middle layer of
the architecture will certainly play a large role in this process.

5 Real-time issues

As architectures begin to be applied to domains requiring real-time responses, they will be subject
to the real-time constraints of the environment. Most architectures do not guarantee responses in
hard real-time domains (i.e. those domains that have deadlines by which responses must be made
or failures will probably occur), but simply attempt to execute their primitive control rules as
quickly as possible and hope that they are fast enough. There are some exceptions, however. For
example, CIRCA (Musliner et al., 1995) can reason about real-time behaviours and construct a
real-time plan with guaranteed execution times. Another approach is to carefully structure the
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underlying control system using circuit semantics that can be used for reasoning and planning (Lee
& Durfee, 1994; Nilsson, 1994; Rosenschein & Kaelbling, 1988).

The issue of hard real-time guarantees within an intelligent architecture is far from solved. In
fact, a new subfield of artificial intelligence is being defined by researchers in artificial intelligence
and real-time control. This subfield is surveyed in an excellent article by Musliner et al. (1993).

6 Representation

Architectures can be useful means of exploring the power and tractability of representational
mechanisms. For instance, one can study the mechanisms of interfacing formal knowledge
representation and reasoning systems (e.g. Laird et al., 1987) to the world. KRR systems are
typically used to model deliberative parts of intelligent agency, which tend to be more abstract and
rather slow in interaction with the world. On the other hand, one can explore the architectural
mechanisms for interpreting the real-time data from the world, i.e. perceptual reduction.

It has been argued that multiple representational mechanisms are useful in modelling a single
agent (Pavio, 1986). If we allow different representational mechanisms to be used at different
levels of an architecture, an open question is how to interface representations at different levels.
Another issue is that for know-how that lies partly at two levels, how will the agent coordinate use
of such know-how.

7 Evaluation of architectures

Evaluating and comparing the performance of architectures is a difficult (some would argue
impossible) task. Erann Gat (1995) proposes a scientific methodology using simulated robots and
environments as theoretical models to make predictions. These predictions then need to be verified
or refuted by experimentation with real robots in real environments. Unfortunately, robotic
experiments and environments are not easily reproducible. We believe that incorporation of
evaluation and simulation in early stages of robotic experiments will shape the experiments and
robot design.

8 Conclusion

With an emerging consensus on overall architectural issues, there is a potential for gaining a new
perspective on problems in knowledge representation, learning, real-time performance and
evaluation. There are, of course, researchers working to achieve the integration of deliberation
and reaction without a layered architecture; Soar is a notable example (Laird et al., 1987).
Moreover, even among those who agree with a layered approach, there is still not a consensus on
the kinds of representations or learning algorithms that should be used by the different layers. The
theoretical idea of coordinating planning and reacting is beginning to be implemented, but the
implementation details are still under investigation by many researchers.
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