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Uncertainty. Dealing with it is perhaps the largest
problem facing autonomous mobile robotics. While it
is commonly held that engineering problems will be
solved when enough effort is applied, control systems,
though constantly evolving, cannot adequately address
many situations autonomous robots encounter or the
complexities of defining and achieving goals. If it were
possible, it would be optimal to abstract many of the
qualities of the human mind, program them into a com-
pact module, and place them in a mobile robot. Current
exploration into a more human-like autonomous sys-
tem may have a positive impact on autonomous mobile
robotics. An experimental artificial intelligence model
which is well suited for robotics control is a behavior-
based autonomous system, developed over the past
few years (Watson 1991). The goal-oriented system 
specifically designed for real-time interaction with its
environment and can adapt to constantly changing sit-
uations. This is achieved by modeling the algorithm
after human behavioral qualities. The first implemen-
tation of the model, IAM-1, was written to demonstrate
some of the qualities of the behavior-based autonomous
system theory. IAM-2, the latest version of the applica-
tion is being designed to have the capability to simulate
an autonomous robotics control system.

Programmed Behavior,
and the Human Brain/Mind

AI research has progressed much in its analysis of the
human thought process. As with most of the sciences,
we have attempted to define and model, characterize
and categorize. AI researchers are exploring learning
theoies and have created neural networks, parallel pro-
cessing machines, genetic algorithms, and fuzzy logic
system.s. These systems are becoming a fixture in com-
mercial hardware and software products, robotics, and
as a foundation for further research.

How far can the research go? That is difficult to
say. While controlled artificial intelligence programs
have found a place in the advancement of technology,
there is the need to create a model that is unconfined.
This autonomous model’s algorithm would be initiated
and allowed to proceed without external control. Re-

searchers would benefit not only from its results, but
also from the ability to observe the natural development
of the algorithm and its internal workings. Instead of
programming mathematical functions and statistics to
govern the computer’s actions, the system would be al-
lowed to control itself.

Autonomous systems do exist. Models like SOAR
(Laird, Rosenbloom, and Newell 1986) solve problems
and learn from experience. But most current sys-
tems operate with specifically defined goals. Further,
they are limited in that they can only represent pre-
determined logic. There are few models which can re-
act to ever-changing surroundings or to goals that are
difficult to fully determine at the beginning of a simula-
tion. This true autonomy can only be achieved through
the analysis and reproduction of human characteristics.
We as humans are naturally occurring, goal oriented,
autonomous systems.

The premise is this: The human mind is ’creative’,
’vast’, and ’intelligent’ because it is composed of un-
countable numbers of connections. The connections are
based on limited hard-wiring and occurrences, including
those experiences prior to birth, to the very last instant
of time the mind perceives. Though these experiences
are shaped by the mind’s initial structure, interaction
with its surroundings (including all senses and interac-
tion with the outside world and society) and biological
states, it develops its own internal dynamics. This is
parallel to the biological brain which also is modified by
experience and input, and which develops an internal
"mind". In an attempt to provide a more robust ap-
proach to autonomous systems, we might look at some
of those attributes of the human mind that contribute
to human behavior. These qualities include emotions,
sleep, creativity, sequential memory, and basic drives.
These attributes of the human mind are, for the most
part, ignored in current models. If some of these qual-
ities could be introduced into an autonomous system,
then one might have the richness necessary to simulate
more complex behavior.

Memory

Memory ought to be represented in such a way
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that, like the human brain, there is a facility for
both short and long term storage. This is impor-
tant because the brain is exposed to a large amount
of sensory input, yet only portions of this informa-
tion are permanently stored. The rest is filtered
or ignored. This stored information may be kept
because of its relation to previously experienced
events (similarity or contrast), or because of its
novelty. Exactly how the human brain stores and
retrieves information in the complex connections
between billions of neurons is the subject of contin-
uing research. One plausible way to represent this
complex structure in an artificial behavioral model
is to store experience as sequences of information
or streams of thought. Whether an event is an im-
age, thought, sense, action, or some other type of
stored experience, it is associated with other events
thus forming billions of tracks. Tracks might be
thought of as real-time memory sequences, simple
procedures or schemata. Aside from representing
much of the quality of human memory, this sequen-
tial memory notion can be implemented efficiently
with common data structures.

Sleep Function

Current systems do not account adequately for
the important routines that occur while humans
sleep. While a machine may be able to operate
continuously, humans require rest for physical rea-
sons as well as to allow some sleep-specific brain
function to occur. This period of time is important
for developing strategy (Winson 1989), reinforce-
ment of positive experiences, and the breakdown of
inaccurate associations experienced during the day
(Gazzaniga 1988). A behavioral model should have
some of these important properties: To test and
traverse tracks that have been laid down or contain
high emotional potentials, to build and enhance or
solidify tracks, or schemata; and to erode and ulti-
mately destroy tracks (memory loss) in a very dy-
namic environment. Human sleep functions occur
when the brain and mind are in a non-conscious
state, typically at night. For our model, a period
of time designated for these operations can be pre-
set to occur at a regular interval. To mimic the
human condition, the system would suspend any
other ’awake’ functions during this period, though
future implementations may provide for concurrent
operations.

Goals

While there are many perspectives of autonomy,
it is generally understood that independence, intel-
ligence and goal-seeking are important aspects of

an autonomous system. Independence is not dif-
ficult to achieve. For example, chess games and
automatic sprinkler systems might exhibit inde-
pendence but they would really not be viewed as
autonomous. While they represent different edges
of the spectrum in intelligence they similarly dis-
play a lack of animation. A sprinkler system is de-
signed with a simple premise: To turn on and off
with regularity at pre-determined times. This goal
is overtly conspicuous. The single minded goal of
chess game might seem rooted in complexity but
it, too, is simply attempting to win based on pre-
determined rules.

Humans beings are not born with the desire
to work a forty-hour week so that money can be
earned to pay for a home mortgage and so that
longer vacations can be taken. We are born with
general self preservation goals, not with complex
task-oriented inter-twined levels of values and as-
pirations. Two examples serve to illustrate this.
The desire for a fine wine as opposed to water dur-
ing a meal is learned while pulling one’s hand away
from a hot stove is based on reflexes. A behavior-
based autonomous system must have the capability
for these human-like levels of complex goals.

Goals come in different varieties: acquired and
built-in (Covrigaru and Lindsay 1991). It 
difficult to say that a minimal precise formula-
tion of goals and goal learning is necessary for
a system to be autonomous. As we analyze the
definition of autonomy, we are demanding more
and more complexity and diversity in goal states.
While autonomous systems may represent some
aspect of independence and are self-governing,
they are typically based on pre-determined rules.
These rules are defined via pre-programming of
logic, databases of possible states or rules, or pre-
programmed goals.

In the case of the behavior-based model, there
two levels of goals: built-in reflexes and basic
drives, and acquired goals. Built-in reflexes and
drives might be described as explicit goals which
are well defined in the realm of possible states
within a system at "birth". These would be sim-
ilar to the human drives of survival, hunger, and
propagation of a species. An acquired goal is not
present when the system simulation begins. It is
added through a conditioning process similar in
nature to Pavlov’s salivating dogs. As the system
builds tracks of experiences, it records the cycle of
action and reaction for both itself and the exter-
nal world. As the simulation progresses, a numeric
variable, ETL (emotional trauma level), is updated
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by the main control process. If the system is ap-
proaching a basic goal, this variable is incremented.
If the system is moving away from a basic goal,
the ETL is decremented. The current level of this
variable is stored as one of several weighted con-
nections between experiences. Therefore, the next
time the beginning of this track is encountered,
it is likely that the system will attempt to repli-
cate the steps leading to achieving the basic goal if
those steps progressively have higher ETL stored
values. Otherwise, the control algorithm will pro-
ceed down another path with a higher value if this
option is present in memory. One, or several, of
the steps along the way would represent the newly
acquired and now reinforced sub-goal. This fea-
ture of the system is similar to back-propagation
training techniques found in other algorithms.

Interaction

Interaction with the outside world is impera-
tive if a model is truly to be a behavior-based au-
tonomous agent. Interaction requires establishing
and maintaining a common ground for communi-
cation (Bobrow 1991). These conventions define 
language of some sort. Systems for language in-
terpretation, comprehension, preparation and ex-
pression typically rely on pre-programmed rules to
which a computer system matches input phrases
and sentences. If a sentence fits a rule or set of
rules, it is ’understood’ by the system. A response
is also rule-driven. Unfortunately, this structured
pre-programming does not lend itself to the dy-
namic model we are trying to achieve, and so, we
must look towards a different approach with re-
spect to language and its part in the behavior-
based autonomous system. For this analog we
must view human language development and lan-
guage processing, not the common rules of spo-
ken language, but the way that humans gain the
ability to communicate and understand. While
there are several schools of thought concerning lan-
guage and how it finds its way into the human
condition, behavioralists believe that language is
acquired (Skinner 1957, Harris 1987). Language
acquisition depends on where we are, what our ex-
periences are, and with whom we communicate. It
follows these assumptions: language allows man to
interact with his peers, and it is acquired, even if
it is developed on top of some inherent structure.
An autonomous model which has the potential for
interaction with other agents would be able to cope
better with the dynamic surroundings than a typ-
ical rule-based interactive system. The behavior-

based autonomous system has this capability by
design. The sequential memory structure, built-
in drives, and the cycle of perception and reaction
intrinsic a behavioral model will contribute to its
language acquisition capabilities.

Application of the
General Theory: IAM-1

While the science of autonomous systems de-
velopment is progressing, what is accepted as au-
tonomous is dependent on one’s definition of the
word. This definition is expanding, including more
human characteristics. The human mind contains
a potential for development, experience, and learn-
ing based on the brain’s capacity for real-time stor-
age, organization mechanisms, and adaptability.
This potential is controlled by instincts, rhythms,
reflexes, and drives which, over time, have evolved
in the mind. It is these characteristics that have
been employed in a behavioral-based determinis-
tic autonomous system. This system is to be dy-
namic and not under the direct control of opera-
tors. Its internal structures and pre-programming
become critical to enabling it to build on its own
experiences from a cycle of action and perception.
While incorporating each of these human qualities
might seem extreme, the system cannot exist with-
out some embodiment of these attributes.

The general theory was first implemented in
IAM-1 (Watson, 1991). This Intelligent Au-
tonomous Model, or Interactive Artificial Mind,
is a behavior-based algorithm. The model uses
records in a data structure called nodes to rep-
resent experiences (various types of input and sen-
sory information). The connections between them,
termed links, not only characterize the chronolog-
ical connections of experiences, and the number of
times these experiences have been perceived, but
also store the current ’emotional’ status of the sys-
tem at the time of the experience. When new
information enters the system, tracks of memory
nodes connected by links are created. Repeated
experiences are processed in a reinforcing fashion.
The links connecting the tracks in a schemata are
strengthened to some degree, or weighted more
heavily. This thought, track, or schemata becomes
’more probable’. Aside from connecting experi-
ence by weight, emotion, and time, the system is
not programmed to categorize or associate mem-
ory. Associations between tracks and experiences
are formed as the system develops and natural as-
sociations are experienced.

IAM-1 was designed to interact with the out-

187

From: AAAI Technical Report FS-92-02. Copyright © 1992, AAAI (www.aaai.org). All rights reserved. 



side world by way of written text. The current
position of the algorithm in memory and the ex-
perience stored in each traversed node are output
on the computer screen. It can sense through the
computer keyboard or import prepared text files
as though they were being entered in real-time.
The model is designed, like the human mind, to
have a certain amount of pre-programming. Once
the simulation has begun, experience dictates the
growth of the artificial mind. In real- time, it
builds on experiences and memories. While such a
system might not mimic all aspects of the human
brain, it imitates the functionality of the brain on
a different level than previously thought possible.
Drives, reflexes, and other basic goals can be pre-
programmed into the databases of links and nodes,
forming default tracks.

Figure 1

Traverse

Input Evaluate

Sleep

The actual search and control algorithm is con-
tained in a process called a car which is designed to
cycle continuously through several tasks: Traverse
existing memory, lay down new tracks on memory
as they are experienced, evaluate nodes which com-
mand the system to execute some action, and per-
form sleep functions a regular interval (figure 1).
The goal of the car at any stage in the schemata
is to optimize its next step by evaluating the set
of possible paths using major criteria: Increase in
satisfaction level, match to current ETL, overall
weight, direct match to any new input that may
come in, and chronology patterns. A ’best path’
is chosen based on the evaluation of all possible
paths. A potential P for each possible direction is
calculated based on the current ETL level in the
system, E, and other characteristics for each choice
using

P = a(e - E) + b(T- t) 

where e, T, t, and W represent ETL of choice,
recorded time choice connection was initially cre-
ated, recorded time of last link traverse, and weight
of choice respectively and a, b, and c are weight
multipliers which can be set before the simulation
begins. The highest P is chosen as the best path

and the car continues its internal cycle and travers-
ing memory. If there is no choice to be made as the
current node has no connections, the system ran-
domly jumps to an adjacent node, forcing a con-
nection. Once a path is chosen or created, the
system ETL is upgraded or downgraded based the
adjusted difference, AETL, between E and e

AETL = d(e - E)
where d is a predetermined multiplier. There is
much similarity between the decision making pro-
cess of this model and the searching capabilities
of genetic algorithms. Both employ techniques
that ensure a robust approach to searching. They
search from a population of points, use probablis-
tic transition rules, and use payoff information to
determine a best choice. Further, both systems
employ a mutation or random function to increase
robustness. As the model progresses, gaining ex-
periences, it is anticipated that the percentage of
random leaps at each node will decrease as more
experience is gained. As more experience is gained,
there are then more overall connections or links,
and more nodes are created. So, the percentage of
random leaps will decrease at each node over time,
though the overall total of random leaps will in-
crease until the memory capacity of the system is
met or the amount of different experiences stabi-
lize.

The controlling vehicle contains a circadian-like
clock which creates a "diurnal" cycle similar to day
and night. The position in the "diurnal" cycle is
be used in the processing and storage of inputs to
the system as well as a chronological reference used
in the comparison of new inputs to stored experi-
ences. A sleep function kicks in when the clock
reaches night and systematically tests tracks that
have been laid down containing high emotional po-
tentials, to build and enhance or erode and destroy
memory.

Emotional levels within the system are stored
as Emotional Trauma Levels (ETL’s), on a linear
scale between positive (100) and negative (-100).
If an input is to be entered into the system, both
time and emotional level information must be en-
tered with the new information on a newly-laid
track of links and nodes. In the case of IAM-1, the
external operator has control of the current emo-
tional level. This permits the user to correct the
model when it has gone awry or reinforce positive
"progress". This is consistent with the idea of be-
havior modification and operant conditioning. An
act that is rewarded is likely to be repeated. If the
act and the reward occur together again and again,
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the act will become a habit. Through the process
of shaping, complicated patterns of behavior can
be learned as the result of operant conditioning.

Results from IAM-1

It was envisioned that IAM-1 would build unique
phrases based on previously stored sequences of
words or experience and that the system could be
trained to acquire sub-goals (in this case, forced
tracks or phrases it would otherwise never con-
struct) via a simple built-in drive. In the case
of IAM-1, the built-in drive was simulated by
an outside operator who would adjust the sys-
tem ETL level when the simulation traversed a
desired phrase. The experiment began with an
empty memory database. An external file, the
poem "The Raven" by Edgar Allen Poe, was pre-
pared and input into the system (table 1). Ar-
tificial time pauses, accomplished with a period
for each 10th of a second, were placed into the
text at the end of each sentence or stanza to make
the input more realistic. Once input, the model
would cycle through the poem, traversing it over
and over, reinforcing the links between words in the
poem. The text file input was not repeated, and
no input from the keyboard was introduced. The
first time the sleep process was encountered, the
several connections with weak links were further
weakened. These included phrases that are only
found once in the poem like: "the bleak December"
and "Night’s Plutonian shore". At the same time,
links between the words in the phrases "Quoth the
Raven" and "my chamber door", which could be
found repeatedly in the poem, were strengthened
as these phrases had naturally high potentials.

Table 1

Event No. ETL Time Weight P
once 17129 99 2448595004023 9 20
upon 17130 34 2448595003633 15 0

~n 17131 29 2448595003634 45 0
idnight 17132 25 2448595003634 3 0

dreary 17133 24 2448595003635 2 0
while 17134 23 2448595003635 8 0
i 17135 36 2448595003636 110 0
pondered 17136 33 2448595003636 5 0
weak 17137 31 2448595003636 7 0
and 17138 29 2448595003637 133 0
weary 17139 29 2448595003637 5 0

Once the simulation was allowed to run for several di-
urnal cycles, certain low-weight tracks were destroyed
while other memory was enhanced. As schemata was
destroyed, the algorithm proceeded to make random
connections where tracks were left dangling. An exam-
ple of this occurrence was the phrase "the bleak De-
cember". During the first sleep process, the word "De-
cember" was erased from memory. The next time the

system traversed the word "bleak" and discovered there
was no connection, it created one randomly attaching
"bleak" to "whispered". After some time, these ’cre-
ated’ links were also erased as the weighting for these
tracks was low.

The next step in testing was to introduce a different
kind of experience to the system, controlled by a drive
which was simulated by an outside operator. This ex-
periment took two forms. First, operator raised the
system ETL variable value by 5 units when a distinc-
tive random connection was formed as though a pre-
programmed drive was reacting to the recognition of
a specific phrase. The phrase "radiant maiden" was
unlinked early in the simulation. A new phrase, "radi-
ant angels", was created by the system and reinforced
by the operator. Over time the phrase gained as much
strength as tracks with naturally occurring high weights
because its ETL was relatively high. Next, the opera-
tor waited until the same phrase "Once upon a mid-
night dreary while i pondered" was encountered. At
this time, the operator, simulating a pre-programmed
drive to avoid this phrase, lowered the ETL variable
value by 5 units. Over time, approximately 5 itera-
tions, the links between words in this phrase were no
longer attractive and the system began taking different
paths during a traverse of the sequence of words. The
connection between the word ’T’ and "pondered" was
the first link to be destroyed. During the process of
absorbing the prepared file, "i" was also linked to "re-
member", "was", "opened", "scarcely", and a number
of other words. A connection was arbitrarily made be-
tween ’T’ and "scarcely". Table 2 is a trace at the time
the new connection is made. The calculated potential
choices, P, have been de-emphasized to the point that
they are all negative at which time IAM-1 makes the
arbitrary leap. This new connection was reinforced over
time.

Event

Before
a
midnight
dreary
while
i
pondered
weak

and
weary

After

~nidnight
dreary
while
i

scarcely
louder
than

Table 2

No. ETL Time Weight

17131 33 2448595003634 47
17132 24 2448595003634 5
17133 18 2448595003635 4
17134 14 2448595003635 10
17135 18 2448595003636 112
17136 14 2448595003636 7
17137 12 2448595003636 9
17138 9 2448595003637 135
17139 8 2448595003637 7

17131 17 2448595003634 49
17132 5 2448595003834 7
17133 -5 2448595003635 6
17134 -13 2448595003635 12
17135 -16 2448595003636 14
17136 -89 2448595083347 1
17148 -100 2448595072932 3
17169 -100 2448595081646 0
17185 -80 2448595003659 1
17254 -20 2448595003742 1
LEAP
17415 0 0 0
17299 I01 2448595003827 6
17300 49 2448595004021 12

0
0
0
0
0

-88.00
-97.10

-lOO.lO
-79.00
-19.00

0
0
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The same trial was repeated a number of times with
similar results. It was a very simple demonstration,
but a conclusion based on the hypotheses was achieved.
The system constructed original text from its experi-
ences, and specific tracks, representing acquired sub-
goals, were altered or created based on pre-programmed
basic drives (simulated by an operator).

IAM-2: Autonomous Robotics Control
via the Behavior-Based System

While IAM-1 was designed to store words and phrases
only and the basic goal of the system was limited to
maximizing ETL, the desired qualities of the behav-
ioral model were demonstrated. IAM-2 is currently be-
ing designed to control a simulated autonomous mobile
robot. Many aspects of the model have been enhanced
or refined. At the same time, there are certain design
barriers that must be hurdled before the system can re-
alistically be applied to physical real-world autonomous
robotics.

IAM-2 is designed to store several different types
of experience in memory. For robotics applications,
this includes information from a light sensing device,
current direction and location information, and input
via keyboard or touch sensors. The car can initiate
movement by traversing a node which represents a pre-
programmed action instead of simply displaying where
the car is in memory on the computer screen. This will
allow schemata to result in an action taking place. More
complex basic goals can be pre-programmed. These
might include increasing ETL if the intensity of light
sensed increases or reducing ETL if a touch sensor sig-
nals that the robot has bumped into something. More
sophisticated behavior such as the cooperation between
agents may be achieved if the basic goals include re-
wards for interacting with other agents on some level.

Conclusion

There are important issues that must be ad-
dressed as the new model is designed. The overall
basis of behavioral systems is inherently difficult
to implement in robotics. Behavioral systems are
designed to build experience and evolve a complex
systems of goals, changing drastically over time.
While this robust quality is desired in robotics, it
may superseded by traditional quality that robots
are designed to perform a specific defined task.
It may be that behavioral-based autonomous sys-
tems are too unmanageable to be productive. To
counter this concern, it may be possible to con-
struct a set of basic goals and drives that include
restricting the model so that productivity can be
realized. Drives of an inhibiting nature might in-
clude lowering the ETL if actions towards a posi-
tive basic goal have not been performed within a
set period of time or by limiting the number of

’creative leaps’ to establish new connections that
the system can take over a period of time.

A greater problem facing the application of this
model to real-world robotics is training the model
once it is initiated. In the real world, training a
physical robot by remote control may be nearly
impossible because the amount of experiences and
states possible may be too large to realistically
train in real-time. A solution to this might be to
load pre-trained memory into the system. This
would require a large amount of planning and sim-
ulation in a computer in order to build initial
tracks and establish necessary rules.

Though the issues confronting the application of
this system to robotics are extreme, the benefits of
a truly autonomous system would become obvious
when a robot is able to demonstrate the ability
to react sensibly to the unpredictable situations it
may experience. The hope is that a behavior-based
autonomous robot could learn to complete tasks
more efficiently than if it were pre-programmed,
that it would adapt to its changing environment
while still focused on a goal, and that it would be
able to interact with other agents when necessary.

References
Bobrow, Daniel G. Dimensions o/Interaction. AI Magazine.

Fall 1991, 64-80.
Covrigaru, A.; and Lindsay, R. Deterministic Autonomous

Systems. AI Magazine. Fall 1991, 110-117.
Gazzaniga, Michael S. Mind Matters. Boston: Houghton

Mifflin Company. 1988.
Harris, Margaret, and Max Coltheart. Language Processing

in Children and Adults. New York: Routledge & Kegan
Paul. 1987.

Laird, J.E.; Newell, A.; and Rosenbloom, P. S. SOAR: An
Architecture for General Intelligence Artificial Intelli-
gence. 33(1) 1-64.

Skinner, B.F. Verbal Behavior. New York: Appleton-
Century-Crofts. 1957.

Watson, John B. The Artificial Mind: Observations, Evi-
dence, and Ideas, Thesis, San Diego State University.
1991.

Winson, Jonathan. Brain and Psyche. New York: Anchor
Press/Doubleday. 1985.

190

From: AAAI Technical Report FS-92-02. Copyright © 1992, AAAI (www.aaai.org). All rights reserved. 




