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PREFACE

WHAT IS MIND, THAT WE MIGHT ENGINEER IT?

In 1917, when Warren McColloch entered college, he was asked by the Quaker
philosopher Rufus Jones “What is thee going to be? and What is thee going
to do?” McColloch replied, “I have no idea; but there is one question I would
like to answer: What is a number, that a man may know it, and a man, that he
may know a number?” Jones replied, “Friend, thee will be busy as long as thee
lives” [McColloch61]. During his lifetime McColloch was able to answer the
first part of his question and to lay the foundation for answering the second.
During the first half of the twentieth century, mathematicians developed a
formal theory of what a number is, and during the second, cognitive scientists
have developed some plausible hypotheses for how a person might know a
number. In this book, we look to a more advanced question: What is mind,
that we might engineer it?
Engineering is based on science. Engineering of mind implies that there ex-

ists a scientific theory of mind upon which engineering principles and method-
ologies can be based. A formal theory of mind does not yet exist. Not even a
widely accepted definition of mind exists. Many believe mind to be simply a
vague metaphor for mental activities. Many are skeptical that a theory of mind
is even possible. Many, in the tradition of Cartesian dualism, believe that the
mind is of a different nature than physical reality, in the realm of the spirit
and soul, and therefore not amenable to scientific study. Many believe mind
to be too ill-defined to be a fit subject for scientific inquiry, much less for
engineering design.
What is mind? There are many phenomena that are commonly attributed

to the mind. These include imagination, thought, reason, emotion, perception,
cognition, knowledge, communication, planning, wisdom, intention, motives,
memory, feelings, behavior, creativity, consciousness, intelligence, intuition,
and self.
There is no doubt that the mind is different from the brain. The brain is

a physical thing. It has mass and occupies space. It is made mostly of water
and hydrocarbons organized in the form of glial cells and neurons. The brain
is part of the central nervous system, which is part of the body. The brain
provides computing services to support perception, cognition, and control of
the body. The brain is essentially a machine that computes, just as the body
is a machine that acts on, and maneuvers within, the world.

xi
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The mind is not a physical thing. It is a process—just as life is a process.
The process of mind occurs within the brain just as the process of life occurs
within the body. It is tempting to say that the mind is a process that runs
on the brain just as a program is a process that runs on a computer. But the
analogy is flawed. First, a program is not a process. A program is simply a list
of instructions. A process does not occur until a program is executed. Second,
the mind is not a program. The program that runs in the brain is part of the
brain itself. The brain’s program is stored in the neurons and synapses of the
brain. Thus, the brain is both machine and program. Third, the process of mind
is not entirely, or even mostly, determined by the brain’s program. Input from
sensors affects the mind profoundly. The activity of mind is not determined
solely by the program that is stored in the brain but also on the input received
from the environment. The process of mind results from the brain executing its
program while simultaneously being bombarded by signals pouring in from
literally millions of sensors reporting on stimulation from the environment.
The mind is a closed-loop process that senses, perceives, understands, thinks,
plans, and acts in response to stimuli. The mind both acts on the world and
reacts to the world.
In this book we hypothesize that the difference between mind and brain

is similar to the difference between life and body. Just as life is a process
that takes place within the body, so mind is a process that occurs within the
brain. If our hypothesis is valid, the process of mind is not beyond the realm
of scientific inquiry any more than is the process of life. In our hypothesis,
imagination is a process of visualization and conceptualization (i.e., gener-
ating images from assumptions about state, attributes, and relationships of
objects, events, situations, and classes). Thinking is a process of imagining
what might occur if certain actions were taken and certain conditions were
achieved, and analyzing the results. Reasoning is a process by which rules of
logic are applied to representations of knowledge about the world during the
process of thinking. Emotion is a mental state or feeling that results from a
value judgment process evaluating what is good or bad, attractive or repulsive,
important or trivial, loved or hated, hoped for or feared. Feeling is a pattern
of activity that is perceived as pain, pleasure, joy, grief, hope, fear, love, hate,
anxiety, or contentment. Perception is a process by which sensory input is
transformed into knowledge about the world. Knowledge is information that is
structured so as to be useful for thinking and reasoning. Cognition is a collec-
tion of processes by which knowledge is acquired and evaluated, awareness is
achieved, reasoning is carried out, and judgment is exercised. Meaning is the
set of semantic relationships that exist between the knowledge database and
the external world. Meaning establishes what is intended or meant by behav-
ioral actions, and defines what entities, events, and situations in the knowledge
database refer to in the world.
Understanding occurs when the system’s internal representation of external

reality is adequate for generating intelligent behavior. Planning is a thinking
process by which a system imagines the future and selects the best course of
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action to achieve a goal state. Wisdom is the ability to make decisions that
are most likely to achieve high-level long-range goals. Introspection is a pro-
cess by which a system examines its own internal state and capabilities and
reasons about its own strengths and weaknesses. Reflection is a process by
which a system rehearses, analyzes, or thinks about the meaning of situations
and events. Reflexion is a process whereby a system considers what others
think about what it is thinking. Attention is a mechanism by which an intel-
ligent system directs sensors and narrows its focus to those sensory inputs
and internal representations that are important to its current goals—and ig-
nores what is unimportant. Awareness is a condition wherein a system has
knowledge of the structure, dynamics, and meaning of the environment in
which it exists. Consciousness is a state or condition in which an intelligent
system is aware of itself, its surroundings, its situation, its intentions, and its
feelings.
A scientific theory of mind does not yet exist, but an understanding of

mind is developing faster than most people appreciate. Progress is rapid in
many different fields. Recent results from a number of disciplines have laid
the foundations for a computational theory of intelligence. In this book we
outline the mainstreams of research that we believe will eventually converge
in a scientific theory of mind. We also propose an avenue of research that we
believe could lead to the engineering of mind. We do not presume that ours is
the only road to this goal. There may be many others. However, we do argue
that any road map leading to the engineering of mind must pass the milestone
of highly intelligent systems.
We argue that highly intelligent behavior is the result of goals and plans

interacting at many hierarchical levels with knowledge represented in a mul-
tiresolutional world model. We argue that high levels of intelligence require
a rich dynamic world model that includes both a priori knowledge and infor-
mation provided by sensors and a sensory processing system. We argue that
intelligent decision making requires a value judgment system that can evaluate
what is good and bad, important and trivial, and can estimate cost, benefit, and
risk of potential future actions. We believe that our model of intelligence can
enable the engineering design of intelligent systems that pursue goals, imagine
the future, make plans, and react to what they see, feel, hear, smell, and taste.
This will enable the development of systems that behave as if they are sentient,
knowing, caring, creative individuals motivated by hope, fear, pain, pleasure,
love, hate, curiosity, and a sense of priority. We believe that research on highly
intelligent systems will yield important insights into elements of mind such
as attention, gestalt grouping, filtering, classification, imagination, thinking,
communication, intention, motivation, and subjective experience. We believe
that as the systems we build grow increasingly intelligent, we will begin to
see the outlines of what can only be called mind. We hypothesize that mind
is a phenomenon that will emerge when intelligent systems achieve a certain
level of sophistication in sensing, perception, cognition, reasoning, planning,
and control of behavior.
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Clearly, mind is more than intelligence. Intelligence is merely a prerequisite,
a substrate in which mind may emerge. The mind goes beyond simply gener-
ating appropriate behavior. The mind distinguishes between right and wrong,
good and evil. The mind is where resides a sense of justice, honor, duty, rev-
erence, beauty, wonder, and religious experience. The mind can experience
hope, fear, happiness, grief, pride, shame, and guilt. The mind can harbor a
sense of the mysterious. The mind can wonder, worship, and contemplate its
own place in the universe. Many aspects of mind will elude scientific under-
standing for a long time. Nevertheless, we predict that as more is learned about
the fundamental mechanisms of intelligence, some of the deeper mysteries of
mind will be revealed.
In this book we present a model of the brain as a hierarchy of massively

parallel computational modules and data structures interconnected by infor-
mation pathways that enable analysis of the past, estimation of the present,
and prediction of the future. We hypothesize that algorithms, procedures, and
data embedded within this architecture will enable the analysis of situations,
the formulation of plans, the choice of behaviors, and the computation of cur-
rent and expected rewards, punishments, costs, benefits, risks, priorities, and
motives.
We believe that a rich internal representation of the world is indispensable

to higher levels of intelligent behavior. We assert that goals, motives, and
priorities are essential features of intelligent behavior, and that model based
planning is the best way to find a behavioral trajectory between a starting
state and a goal state. We postulate that the concept of goals, tasks, plans, and
control are indispensable to understanding what the brain is for and what the
mind does.
We specifically reject the behaviorist model of brain, both as a theory and

a guide for intelligent systems research. Although behaviorism yields impor-
tant insights into simple forms of intelligence such as can be found in insects,
fish, and reptiles, it is inadequate as a tool for investigating the higher lev-
els of intelligence where mind is likely to emerge. Behaviorism minimizes
or ignores internal knowledge representation and eschews concepts such as
understanding, intention, and imagination.
We believe that there is overwhelming evidence that the fundamental ar-

chitecture of the brain is a hierarchy of laterally interconnected computational
modules. We argue that this basic principle will be required in any system
designed to approach the performance of the human brain. We claim that a
multiresolutional representation of knowledge and hierarchical organization
of command and control is the most efficient and effective way for individu-
als and groups to plan and control intelligent behavior in a complex dynamic
world. We believe that the computational power to implement our model can
be achieved in practical systems in the foreseeable future through hierarchical
and lateral distribution of computational tasks.
We describe a reference model architecture that we believe can support an

engineering methodology for the design and construction of intelligent ma-
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chine systems. This architecture consists of a multiresolutional hierarchy with
layers of interconnected computational nodes each containing elements of sen-
sory processing, world modeling, value judgment, and behavior generation. At
the lower levels, these elements generate goal-seeking reactive behavior. At
higher levels these elements enable perception, cognition, reasoning, imagina-
tion, and planning. Within each level of our proposed architecture, the product
of range and resolution in time and space is limited. At low levels, range is
short and resolution is high, whereas at high levels, range is long and resolu-
tion is low. This enables high precision and quick response to be achieved at
low levels over short intervals of time and space, while long-range plans and
abstract concepts can be formulated at high levels over broad regions of time
and space.
Our proposed reference model architecture accommodates concepts from

artificial intelligence, control theory, image understanding, signal processing,
and decision theory. The artificial intelligence concept of a plan is expressed as
a series of subgoals, waypoints, or desired states and is shown to be equivalent
to the control theory concept of a reference trajectory. A plan expressed in the
form of a series of actions is equivalent to a feedforward command string.
Value judgments can be expressed as cost functions, confidence factors, and
measures of importance. Our reference model architecture is expressed in
terms of the Real-Time Control System (RCS) that has been developed at the
National Institute of Standards and Technology and elsewhere over the last 25
years. RCS provides a design methodology, software development tools, and
a library of software that is free and available via the Internet. Application
experience with RCS provides examples of how this reference model can be
applied to problems of practical importance.
In Chapter 1 we outline evidence for the emergence of a computational

theory of mind. In Chapters 2, 3, and 4 we examine the fundamental con-
cepts of knowledge, perception, and goal-seeking behavior. Chapter 5 defines
the basic building blocks of a reference model architecture for engineering
intelligent systems. Chapter 6 deals with how to engineer behavior generat-
ing processes. In Chapter 7 we outline world modeling and value judgment
processes and suggest data structures for designing a knowledge database. In
Chapter 8 we discuss current issues in sensory processing and propose an
engineering approach to designing a perception system. Chapter 9 provides
an example of how our proposed reference model architecture is currently
being applied to the design of intelligent unmanned military scout vehicles. In
Chapter 10 we suggest what impact the ability to engineer mind might have
on science, economics, politics, and the well-being of humankind.

James S. Albus
Alexander M. Meystel


