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Abstract - The categorization process defines sensor and action categories from elementary
sensor readings and basic actions so that the necessary elements for solving a task are correctly
perceived and manipulated. In reinforcement learning, a previous categorization process is
needed to define sensor and action categories with special requirements that we analyze in this
paper and that, in general, are difficult to achieve, specially in complex tasks such as those that
arise when working with autonomous robots. We show how these special requirements should be
relaxed and we sketch a reinforcement learning algorithm that uses a less restrictive form of
sensory categorization than existing algorithms. Additionally, we show how a given sensory
categorization can be improved so that it better fits the demands of the previous algorithm.

1. INTRODUCTION

Continuos improvements in aress such as Medanicd
Engineaing and Micro-Eledronics have given us the
possbility of building autonomous robas with
increasingly sophisticated sensorial and motor systems.
The ontrol of this kind of robds to aceomplish
complex tasks in dynamic environments is one of the
challenges of Artificial Intelligence but we ae far from
adieving it.

In the last yeas, some aithors [2] have agued that
traditional Artificial Intelligence gproacies based on
high level reasoning and planning are not adequate for
the type of problems that arise when controlling a red
robat in red time, and new control architectures have
been proposed. The use of these new architectures
allowed to achieve cmmplex tasks with controll ers based
on simple principles [1], [5]. But, even in these new
paradigms, the programming of a robad is not free of
problems. Behind eat success there is usualy a
programmer that has gent lots of hours designing the
controller, developing ead one of its modules and
adjusting their parameters and interadions until the
desired behavior is obtained. If we want to addressmore
complex tasks and environments, this programming
process must be dleviated, and the gplication of
madine leaning techniques is a promising way to
explore. The idea of automatic leaning of roba
controllers has been present in the new roba control
architedures from the very beginning [6], [10], [11],
[12].

A leaning paradigm can be dassified acording to the
amount of information that the designer diredly

provides to the leaning agent'. At one end of this
continuos gedrum (closer to the manual programming)
we find the supervised leaning approaches in which the
designer informs the agent about which are the alequate
adions (with resped to the aurrent task) to be exeauted
in some spedfic situations and the objedive of the
leaning algorithm consists in generalizing the given
information to find out the wrred adions in al the
posshle situations. At the other end of the leaning
paradigms, there ae the reinforcement learning systems
[8]. In these systems, the designer only informs the
agent when the task has been successfully completed.
Between the two extremes of the dassification, there is
a variety of leaning systems that the programmer can
use depending on her knowledge of the task and on how
easy isit to transfer this knowledge from the designer's
point of view to the roba's point of view. In many
problems concerning autonomous robas the
reinforcement leaning paradigm is the only adequate
one.

Reinforcement leaning has been extensively studied
since the origins of Artificia Intelligence ad even
before. However, as it happened with the traditional
Artificial Intelligence achitedures, learning paradigms
must be aapted to be succesfully applied to
autonomous robas. Since now, existent reinforcement
leaning algorithms have been mainly focused on how
to find the arred links between perception and adion
without paying much attention on how perception and
adion must be pre-processed so that relevant mappings
between them can be established. In genera, current
reinforcement learning agorithms depart from the basis

! There exits also unsupervised learning approaches in which
no information is given to the learning agent but they are not
task-purposive.



that states for solving the task can be identified and that
adeguate actions to go from one state to another are
available to the agent (see [14] page 61 for a good
explanation on this assumption). The definition of these
states and actions is a type of categorization. This
process is in charge of the programmer and is often
implicit in the application of the reinforcement learning
algorithms. The categorization process can be the most
difficult stage of the solution of a task (the proper
interpretation of the sensor readings can transform an
apparently complex task in asimple one) so, if it is done
by the programmer, we could be systematically
confronting our reinforcement learning algorithms with
the easiest part of the problem. This is specidly true
when facing difficult tasks or environments with
complex agents (such as autonomous robots). In this
case, determining the state from the sensor readings and
the appropriate combinations of elementary actions
becomes so difficult that the application of
reinforcement learning agorithms is limited to simple
problems.

In the next section we analyze in more detail the special
properties of the sensor and action categories required
for the correct application of classical reinforcement
learning algorithms. We also show how such properties
become a problem when these agorithms want to be
applied to complex agents such as autonomous robots.
In section 3, we sketch an extended reinforcement
learning agorithm able to deal with a less restrictive
form of sensory categorization than that required by the
available algorithms, and in section 4 we describe how
this categorization can be automatically improved using
the information given by the reinforcement signa.
Finally, in section 5 we extract some conclusions of our
work and outline future ways in which our system
should be extended to cope with more general learning
problems.

2. THE REINFORCEMENT LEARNING
ASSUMPTIONS

The reinforcement learning paradigm has been
extensively studied in areas such as Ethology,
Automatic Control, and more recently Artificia
Intelligence. A general description of a reinforcement
learning situation includes the following elements:

e A definition of the task: The only strictly needed
information about the task is a signal, caled the
reinforcement signal, that becomes active when the
task is achieved. If more information about the task
is available (as for instance, correct or incorrect
actions in some dituations, or necessary
preconditions for achieving the task), it can be
added to the reinforcement signal to help the
learner.

e An environment in which to accomplish the task.
Depending on the kind of environment (static,

dynamic,...) the resolution of the task can be less or
more difficult.

e An agent that must complete the task. This agent
can perceive the environment and execute actions.
The solution of a task consists in determining
actions for each situation so that the agent collects
as much reward as possible.

The first attempts to formalize this framework were at a
high level of abstraction, and the resulting formalization
was not as general as the previous description. The main
hypothesis on which this formalization relies is to
consider the environment as a state machine controlled
by the agent, so that the interaction between the
environment and the agent is arranged in a two step
loop: In the first step, the agent perceives the state of the
environment and, in the second one, it performs an
action that produces an immediate change in this state
according to a well defined transition probability. This
hypothesis was quickly accepted by the Artificia
Intelligence researchers coming from fields such as
automated reasoning or planning, because they also
used to tackle problems at a high abstraction level, in
which states and actions to move from one state to
another were easy to define (if not directly present in the
definition of the problem). So, the reinforcement
learning algorithms developed in Artificial Intelligence
heavily rely on the above hypothesis and as far as it is
not fulfilled, they do not work properly. However,
considered from the robotics point of view, the above
hypothesis is not redlistic at all since in a dynamic
environment it is not reasonable to suppose that the
global state of the environment is controlled by the
robot actions. At most we can assume that part of the
state is controlled by the robot but obvioudly there are
thousands of events that occur absolutely out of the
robot control. This disagreement between the usual
reinforcement learning hypothesis and robotics reality
makes existing reinforcement learning agorithms very
difficult to be used in robotic environments.

In the following subsections, different aspects of the
reinforcement learning formalization hypothesis are
analyzed in detail from the point of view of the
application of reinforcement learning in a robotic task.
This revision will help us to settle the basis on which to
describe new algorithms more useful for being applied
to robots than the existing ones.

2.1 Global State | dentification

The reinforcement learning hypothesis of considering
the environment as a state machine controlled by the
agent, is usually accompanied by the assumption that
the agent has direct knowledge of the state of this
machine. In a robotics application this supposes that the
robot must be able to identify the global state of the
environment. But this objective can hardly be achieved
by an agent able to perceive only part of its



surroundings. Despite this limitation in roba
perception, the aurrent sensor readings are often taken
as the present state of the environment. The robad is
supposed to change this gate using the dementary
adions it is able to exeaute. Unfortunately, this smple
solution does not work properly in most autonomous
roba applicaions. The reason is that sensor realings
and elementary adions conform atoo large seach space
[15], and that, in a mmplex autonomous robd, it is
almost imposshble to consistently predict the next sensor
readings after the execution of an elementary adion.
Thisisin contrast with the assumptions underlying the
reinforcement leaning algorithms, so that, with this
definition of states and adions, they can hardly
acomplish even the simplest tasks when applied to
autonomous robds.

A usua attempt to solve this problem consists in
defining feature detedors. A feature detedor can be
devised as process that identifies pedal combinations
of sensor readings. Feature detectors are usually defined
by the programmer attending to spedal charaderistics
of the environment that the roba is able to perceive.
Departing from a set of feaure detedors, the state of the
system is usually defined as the current combination of
adive and non-adive feaure detedors. The high level
of abstradion of the feature detedors makes the
trangitions between states based on them more
predictable than when states are defined from
elementary sensor readings. For this reason it is more
resonable to apply the traditional reinforcement
leaning algorithms using states defined in this way.

The definition of fedure detedors from sensor readings
isusua inrobdaics. For instance, in [11] sensor readings
are conveniently grouped prior to the definition of states
both manually and through an automatic process (thus,
infrared sensor readings are dustered in two classes
using programmer defined criteria, so that only two
situations for deteded dbjeds can be distinguished: nea
and far).

However, what is important to be stressed is that the
concept of “globd state of the system” is mething
that has little sense to be defined in the red world. The
only thing we need in this environment is to get enough
information to determine the agent adions and this do
not necessarily imply to olserve the “global state of the
system”. But even this partial perception of the world is
very difficult to be adieved by an agent with a limited
sensorial  apparatus and the definition of feaure
detedors is nothing but an approximetion to the
necessary information to ad corredly.

The definition of feaure detedors is the result of a
caegorizaion processand, as sated before, it could be
the mogt difficult part of the solution of a task so an
automatic processto define them (as the one we present
in sedion 4) would be helpful.

2.2 Independent States

The states of the system (that, as explained in the
previous sdion, are supposed to be acceshle to the
agent) are usualy thought as being absolutely
independent between them. So, the information gathered
about the dfeds of an adion in one state @n not be
transferred to other states. This is a redly genera
assumption that makes reinforcement leaning
algorithms completely independent of the environments
on which they are gplied. But the drawbad of this
assumption isthat the dgorithms do not work efficiently
in large spaces of states snce they have to discover the
information concerning ead one of the states
independently. In a robaics applicaion this assumption
iS unnecessry since in general states are related
between them because they correspond to a physicd
redity with a grea degree of continuity. For example,
the adions to be exeauted when a roba is close to a
wall could be quite similar to those to be exeauted when
it is very close to the wall. So in a robaics leaning
application it is snsible to use the information about
state relations to acceerate the learning process

One way to transfer information between states is to
make the reinforcement leaning algorithms to work at
the feature detedor level instead of at the state level.
The reason is that if we discover information about the
effects of an adion when a fedure detedor is adive,
this information will be useful for all the states that
include this fedure detedor. Observe that if we use
fedure detedors to define a state and we gply a
standard reinforcement algorithm on this date definition
(which is the usua solution taken in reinforcement
leaning) we ae not assciating information to ead
fedure detedor and so we ae not transferring
information between states.

The feaure detector framework is nothing else than a
form of sensory caegorization dternative to that
consisting in defining state identifiers. We have shown
that in arobdic task, it is more reasonable to work with
a more basic categorizaion than that demanded by the
classgcd reinforcement leaning algorithms. So, even
though the cncept of state is useful when defining an
abstrad model of the reinforcement learning, when it is
applied to robasit is more useful to work at the level of
the basic state mnstituents.

In sedion 3 we define anew reinforcement leaning
agorithm that works at the fedure detedor level and
that can be more naturaly applied to robots than
avail able dgorithms.

2.3 Independent Actions

The model of reinforcement leaning presented above
devises adions as a list of options from which the ayent
picks the most appropriate for ead state. At ead



moment the agent only performs one action from the
list. In an autonomous robot with many degrees of
freedom this usually implies the definition of a large set
of complex actions that in many cases is drastically
reduced by the programmer for efficiency reasons’.
However, in general, these complex actions are defined
combining independent simpler actions that involve
only a subset of the motor apparatus of the robot.

Asin the case of states, when confronting a robotic task
it seems more sensible to work at the level of the
constituents of the global actions. Working at this more
basic level alows us to get information about the effect
of each basic action. The drawback of working at this
more basic level is that we have to deal with the
execution of many actions in paralel. This implies the
definition of a mechanism for discerning which actions
can (or even should) be executed at the same time.

If we decide to work at the elementary action level, then
we are changing the action categorization from what the
traditional reinforcement learning agorithm demands to
one that is more natural when working with robots.

2.4 Environment Controlled by the Agent

In the reinforcement learning formalization, it is
assumed that the environment in only modified by the
robot actions. This means that the agent only needs to
observe the state of the environment when the action in
execution is completed.

Obvioudly, this assumption does not hold any more if
the state of the environment is not completely controlled
by the acting agent. In this case the state can change at
any moment for reasons not related with the agent
actions and this could perfectly occur in the middle of
an action execution. For this reason, when applying
reinforcement learning to robots, it seems reasonable to
observe the state of the system continuously since it can
change at any time.

This can be seen as another change in the typical action
categorization of reinforcement learning. Robot
environments demand the learning algorithms to be able
to deal with actions that last more than one step
considering the time unit to be the period at which the
state is observed (that can depend on the sensor
updating frequency).

2.5 The Immediate Effect of Actions

Another assumption present in the reinforcement
learning agorithms concerns the moment at which the
agent observes the effect of its own actions.

2 For example, in [11], only five actions (forward, small turn
left/right, and large turn left/right) are considered despite the
fact that the robot could perform many other movements.

Traditionally it is assumed that the effect of an action is
perceived immediately after its execution. But when
working with a robot in the real world, this assumption
is not valid. In this case, the robot actions can start
processes whose effects are not evident for the robot
itself just after the action execution. The action effects
can be arbitrarily delayed from the moment at which the
action was performed. Observe that the delay in the
effect of the actions is possible even if the state of the
system is only modified by the agent actions (what was
the assumption analyzed in the previous section). If we
are trying to solve a problem using actions with possibly
delayed effects (which is a usua case in robotics), then
we should use an agorithm that can cope with this
feature. The available reinforcement learning algorithms
are not adequate for these cases.

3. AN EXTENDED REINFORCEMENT
LEARNING ALGORITHM

In this section we present a reinforcement-based
agorithm in which some of the requirements imposed
by the traditional reinforcement learning agorithms on
theinitial categorization of the problem are eliminated.

From all the assumptions present in the classical
reinforcement learning framework commented in the
previous section, we start relaxing the sensory
categorization: our algorithm works with a sensory
categorization based on feature detectors instead of
using a state identification function. As explained before
this will make our algorithm more suitable to be applied
to robot tasks in which feature detectors are more easily
defined than state identification functions. Additionally
if we extract information about the effects of actions
when a specific feature is active, then this information
will be used in all those states that include this feature.
In this way it is reasonable to expect our algorithm to
work more efficiently than existing algorithms.

How the feature detectors are implemented, and the
characteristics of the special event they signal is
something that does not matter for the agorithm we
describe now (it will be important for the agorithm
described in the next section). Now the only thing that is
relevant is that we can test whether or not a feature
detector is active.

We keep al the restrictions imposed by the existing
agorithms on action categorization, so the programmer
should provide our agorithm with a list of actions that
are supposed to be sufficient to accomplish the task.
These actions will be considered to be the only font of
variation in the environment and to have immediate
effects.

The objective of the algorithm is to determine a policy
that consists in finding the best action to be executed
given aset of active feature detectors.



As described before, lots of feature detectors can be
active simultaneously denoting interpretations of
different subsets of the perception of the robot, or even
of the same subset of the perception but with aternative
criteria or goals. Each active feature detector assigns a
different utility to the execution of each action. The
action to be actually executed must be chosen from all
these individual proposals attending to criteria related
with the accumulated utility per action and the
confidence in this utility measure. The process in charge
of this selection task is called the action selection
mechanism® and is supposed to be provided by the
programmer. Different action selection mechanism will
produce different behaviors of the algorithm.

The estimated utility of executing and action (j) when a
certain feature detector (i) is active is stored in a table
(Q(i,})). A subset of this table (that corresponding to the
active feature detectors) is the information provided by
our algorithm to the action selection mechanism. Each
entry to this table is updated when appropriate using a
rule similar to that used in other reinforcement learning
algorithms. When al the values stored in the table are
stable, our algorithm has converged to a solution for the
task at hand.

The main loop of our algorithm consistsin:

1.- For each feature detector i and action j
Initialize Q(i,j) =0
2.- Do forever
- X = current set of active feature detectors
- a = Action Selection(X, Q)
- Execute a
- Update the utility of action a for all the
feature detectors in X

The update of the utility works as follows:

R = reward received after the execution of a
Y = set of active feature detectors after a
b = Action Selection(Y,Q)

V=Y Q(i,b)
ieY
Vie X
O(i,a)=0(i,a) + apilR+yV])-0(i,a)
. Q(i,a)
with p =~
2.Q(,a)

ieX

where a (learning rate) and y (utility discount) are the
commonly used parameters in the reinforcement
learning algorithms[8].

3 This mechanism is implicit in other reinforcement learning
agorithms but it has been explicitly studied in the field of
autonomous robot architectures.

Observe that if only one feature detector is active at a
time and the action selection mechanism aways picks
the action with maximum expected utility then, the
above agorithm is completely equivalent to the well
known Q-Learning [16].

4. A CATEGORIZATION IMPROVEMENT
ALGORITHM

In the previous section we have described a
reinforcement based agorithm that can cope with a
form of sensory categorization less restrictive than that
required for other reinforcement learning algorithms.
Obviously, as occurs with many agorithms, the
efficiently of the presented algorithm clearly depends on
the quality of its inputs (the feature detectors set). An
implicit assumption of the presented algorithm is that
the feature detectors are independent between them so
that the best action to be performed can be determined
(at least some times) attending to only one (or a few)
features. If at every moment all the active features have
to be taken into account to determine the optimal action,
then our algorithm looses its advantage over existent
algorithms because this means that each state is
completely independent of the other states and that no
information can be transmitted between them.
Fortunately, as noted before, in robotics applications it
is usually possible to define feature detectors as those
needed by our algorithm. What can happen is that even
if it is possible to define the proper feature detectors, the
user can not do it because it is too difficult for her to
correctly describe the adequate concepts for achieving
the task in terms of the robot sensorial apparatus (the so
called frame of reference problem [13]). In this cases
the programmer can only provide the agorithm with a
set of approximately correct feature detectors. For this
reason, we introduce a mechanism so that the initial
categorization provided by the programmer can be
improved to facilitate the workings of the reinforcement
learning agorithm.

The automatic categorization improvement mechanism
embeds the algorithm presented in the previous section
in the following way:

1.- Set up an initial set of feature detectors

2.- Run the algorithm of section 3 until it
converges to a policy.

3.- Improve the set of feature detectors.

4.- If this set has changed, go to 2.

The search for the adequate feature detectors is done in
step number 3 using a genetic algorithm. To describe its
workings we first describe its search space (or the space
of syntactically correct chromosomes) and in second
place we concentrate in the criteria for selecting optimal
feature detectors (the fitness function).



4.1 The Search Space

Feature detectors can be devised as processes that
identify special combinations of sensor readings. From
the different possible ways to identify combinations of
sensor readings (clustering is one of the most typical)
we choose a genera method that consists in defining
binary functions (or predicates) over sensor readings.
For instance, the category "light in front of the robot"
can be defined based on the readings of the front light
sensors of the robot as:

(left light sensor~+right light sensor)/2>THRESHOLD

This predicae represents a feaure detedor that will
become adive if the roba approachesalight.

The seach space of the genetic dgorithm includes all
the syntadicdly corred predicaes definable over
constant values, sensors or previousy defined
predicates. Those predicaes can be represented as
function trees with sensors or constants in thier leaves
and basic operations (from a set provided by the
programmer) in their nodes. In the dove example, the
feaure detedor is defined using two sensors (left and
right light sensors), two constants (2 and THESHOLD)
and the '+, '/" and ">' operations. The function tree that
representsthis predicaeis:

>
/" THRESHOLD
/ \
+ 2
/ \
left light right light
Sensor Sensor

In other cases other sensors and operations can be used
to define the function that represents the feaure
detedor. If some knowledge is available &out the
environment or the task, the user can reduce the
generality of the system by seleding those sensors that
can be mmbined, or restricting the set of applicable
operations. This will aleviate the work of the automatic
caegorizaion.

This feaure detedor definition mechanism is very
general since dmost all the cdegorizaions performed
up to this moment in reinforcement leaning, either by
the programmer or automaticdly, fit in this framework
(the differences between the existent approaches are the
functions used to combine the sensors).

New functions that represent new feaure detedors can
be aeaed using various mechanisms typicd of the
genetic dgorithms:

e Crosover: Part of the function tree of a feaure
detedor is changed with a subtree from another
fedure detedor.

e Mutation: A new function is obtained changing at
random one of the parameters of an existing
function.

The seach spacejust outlined is unbounded sinceiit is
posshle to define an infinite number of syntadicdly
different binary functions. Fortunately, it is reasonable
to bias the search toward testing first simple functions
and use those that seem useful in various cases to build
more amplex functions. At the beginning only sensors
are used to creae simple feaure detedors but, as good
feaure detedors are found, more daborated ones can be
built using the previous ones. It is like trying to find the
‘atoms of the wrred environment interpretation to build
more and more @mmplex 'moleaules using them and
other simpler 'moleaules.

4.2 The Fitness Function

The fitness function used by the genetic dgorithm to
seled the best feaure detedors for the reinforcement
leaning algorithm described in sedion 3 is based on
three citeriaz  environment regularities, roba-
environment interadion, and relation with the
reinforcement signal.

Environment Regularities

Fedure detedors must identify objeds or situations
interesting for the current task. In the &sence of
reinforcement related information, however, it is not
posdble to know whether or not a fegure is useful for
the aurrent task. What seems ensible to doisto identify
objeds and situations charaderistic of the environment
so that, when the reward bemmes adive, it can be
acounted for in terms of these dready identified
objeds which provide information at a higher level than
the basic sensor readings. This process of discovering
environment related fedures can be based on the
analysis of the adivation frequency of different
detectors: only those fedures that become adive not too
frequently are interesting since when adive, they
indicate speda events. This criterion is based on the
assumption that the reward is a speda event so only the
feaure detedors that signal rare events will be useful to
identify reward situations.

Robot-Environment | nteraction

Those ewvironment regularities deteded with the
previous criterion that are somehow controllable by the
agent adions are more suitable to be used by the
reinforcement leaning agorithm to choose adions in
order to adively get reward. So, it isinteresting to stress
those muples of feaure detedors (f;, f;) related by any
adion. If after the execution of adion 'a when f; is



active, feature f; becomes consistently active, both f; and
f; should be favored.

Relation with the reinfor cement signal

Observe that using the two previously described criteria,
we are finding feature detectors independently of the
information given by the reinforcement signal. The
advantage of finding task independent features is that
they can be useful for many similar tasks and
environments. Additionaly, it isinteresting to be able to
refine the categorization while no reward is obtained
since, in this way, when the reward is obtained the
reinforcement learning agorithm will use it more
efficiently because the utility will be assigned to feature
detectors with less probability of being eliminated in
future iterations of the categorization improvement
process.

The problem of the task independent features is that
there are too many of them since there exist lots of
possibly interesting objects in the environment to be
identified and thousands of ways to do it. So the
information provided by the reinforcement signal must
be used to filter them. We prefer feature detectors that
identify situations in which the execution of a given
action produces a high utility either because of the
immediate reward received or because the utility of the
new situation produced by the action. This utility
measure is precisely the one stored in the Q table
described in section 3.

5. CONCLUSIONS AND FUTURE WORK

In this paper we have analyzed the assumptions hiden
behind the classical formalization of reinforcement
learning. This formalization supposes that the
environment can be seen as a state machine controlled
by the learning agent. This hypothesis implies a set of
derived assumptions:

The learning agent can identify the global state of

the environment.

e  States are independent and no information can be
transmitted between them

e Actions are also independent and no conclusion
can be drawn from the execution of an action on
the possible effects of other actions.

e Only the agent actions produce effects in the
environment.

e The effect of an action is observed immediately

after its execution.

These assumptions, when analyzed from the point of
view of a robot, become a hard limitation to the
application of reinforcement learning since fulfilling al
the assumptionsis not aways possible without changing
in important ways the problem to be solved.

To overcome these limitations, we have proposed a new
reinforcement-based learning algorithm. Our algorithm
can cope with a form of sensory categorization less
restrictive than that used by existing algorithms. The
kind of categoritzation we use is based on feature
detectors (that can be thought as functions that identify
special events or objects). Having the information stored
separately for each feature detector alows the
transmission of information between related states: the
information of a feature will be useful in all those states
in which the feature is active. Additionally, we have
introduced a mechanism based on genetic algorithms to
automatically improve the set of feature detectors that
the programmer provides to the agorithm. With the
combined action of the two agorithms the set of
attainable problems using reinforcement learning has
been enlarged.

Our system isrelated with many other disciplines:

e Behavior based controllers: Our agorithms are
intended to be used to facilitate the programming
of robots. The proposed algorithm based on feature
detectors, generates a policy that can be easily
trandated into a set behavior as those described in
[2]. Note that the resulting controller will be
reactive only if the operations over the sensor
inputs to define feature detectors are reactive. In
our intent of extending the limits of the
reinforcement learning paradigm we have shown
the necessity of introducing an action selection
mechanism in this paradigm. As noted before, this
is a mechanism aready existing in autonomous
robot architectures, especialy in the reactive ones.
This makes us suspect that the parallelism between
extended reinforcement learning agorithms and
behavior based controllers will be an interesting
subject to study. Indeed many authors have tried to
andlize the relation between the two paradigms.
What we are starting to show is that, with the
appropriate extension, the two paradigms could be
merged.

e Genetic programming: Some authors have used
genetic agorithms to evolve programs that perform
a task [9]. We also use genetic search techniques
by they are only part of our system.

e Multitask learning: The agorithm can generate
feature detectors derived from environment
regularities and not directly related with the task to
be accomplished. These detectors are potentially
useful for many tasksin similar environments. This
reuse of the experience is also present in an
approach to machine learning caled multitask
learning [4].

o C(Classifier Systems: Classifier systems [6], [7] am
to develop a correct controller for a given task
combining ideas from genetic algorithms and
reinforcement learning but they are based on
evolving a production system while our algorithm
is not.



Taking into acount the history of reinforcement
leaning we can say that our system goes a step further
than the usua reinforcement leaning algorithms. The
first algorithms to lean through reinforcement were
developed in the processoptimizaion area ad assumed
the knowledge of the mmplete model (probability
transitions between states and adions) of the system to
optimize The next generation of reinforcement learning
algorithms relaxed this hypothesis in the sense that they
do not require the knowledge of the mode of the
processbut as we have noted in this paper, they heavily
rely in the crred definition of states and adions. The
algorithm we have proposed relaxes sme of the
assumptions still present in the reinforcement learning
framework. Our agorithm can work in cases in which
the definition of states is not available & the beginning
of the leaning process and only feature detedors are
available, so we will be &le to solve problems not
solvable up to now. This st of new attainable problems
includes interesting cases such as those posed when
trying to lean a complex task with an autonomous
roba. Additionally, our algorithm is able to generalize
situations and this increases its efficiency compared
with existent algorithms.

The dgorithms presented in this paper relax only one of
the asumptions present in the reinforcement leaning
formali zation. Obvioudy other algorithms (or extension
to the presented one) could be devised so that more
assumptions are diminated. These new algorithms will
be even more egplicable to robots enlarging the
potential uses of the reinforcement learning framework.

Our final objedive is that of leaning an autonomous
robat controller to acomplish a @wmplex task in a red
environment without any previous pre-process of
neither sensors nor adions. This, as [3] said, is the most
complex thing one an attack in the aea of leaning
within the field of autonomous robas and probably we
are till far from solving it. However, it is an objedive
that must be facad if we want to acomplish
increasingly  difficult tasks using increasingly
sophisticaed robds. To confront this challenge, new
reinforcement leaning agorithms and automatic
caegorizaion mechanisms like the ones propcsed in
this paper will be indispensable.
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