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What Matters? is wonderful and highly innovative human factors book. It is a treasure 
cove of insights that will grow on the reader. John Flach and Fred Vorhoorst embrace 
the premise that in order to design good artifacts we need good theories rather 
than cook book style recipes.  The theories advocated in this book bring together 
ecological psychology and linear systems engineering. What matters? probes into the 
other, fundamental side of usability and will have a lasting impact on human factors 
designers. 

Prof. Dr. Heiko Hecht, Professor of Experimental Psychology at 
Johannes Gutenberg University at Mainz. 
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More trees and shrubs and groves. It’s getting warmer. Chris hangs onto my shoulders now 
and I turn a little and see that he stands up on the foot pegs.
 “That’s a little dangerous,” I say.
 “No it isn’t. I can tell.”
 He probably can. “Be careful anyway,” I say.
 After a while when we cut sharp into a hairpin under some overhanging trees he says, 
“Oh,” and then later on, “Ah,” and then, “Wow.” Some of these branches over the road are 
hanging so low they’re going to conk him on the head if he isn’t careful.
 “What’s the matter?” I ask.
 “It’s so different.” 
 “What?” 
 “Everything. I never could see over your shoulders before.”
 The sunlight makes strange and beautiful designs through the tree branches on the road. 
It flits light and dark into my eyes. We swing into a curve and then up into the sunlight.
 That’s true. I never realized it. All this time he’s been staring into my back. “What do 
you see?” I ask.
 “It’s all different.”
 We head into a grove again, and he says, “Don’t you get scared?”
 “No, you get used to it.”
 After a while he says, “Can I have a motorcycle when I get old enough?”

Robert Pirsig (1974, p. 422)
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Preface

Why Read this Book?

“We become what we behold. We shape our 
tools and then our tools shape us.”

- Marshall McLuhan -

This book is in part inspired by Pirsig’s 
book, Zen and the Art of Motorcycle 
Maintenance, which I have read repeatedly 
over a span of over 30 years. During that 
time I have been teaching in psychology 
and engineering departments in the field 
of Engineering Psychology. Essentially, this 
is studying the performance of humans 
interacting with complex technologies 
(e.g., piloting aircraft, minimally invasive 
surgery, managing emergency operations). 
This work is motivated by a basic interest 
in human cognition and by the hope that a 
better understanding of cognition might 
lead to practical design improvements (e.g., 
increased safety). 

In the course of this work, I have come to 
the conclusion that many of the conventional 

assumptions that have been made about the 
relations between mind (e.g., mental activity 
like decision making) and matter (physical 
activity like vehicle motion); and about the 
relations between science and art create gaps 
between cognitive science and engineering/
design that are difficult to bridge. In Pirsig’s 
book, and specifically in his Metaphysics of 
Quality, I have discovered alternatives to 
these conventional assumptions that I believe 
may help to bridge or even eliminate some of 
these gaps. 

I have also discovered that these ideas 
are not unique to Pirsig. These ideas have roots 
at the beginning of the science of Psychology 
with people such as William James, Charles 
Sanders Peirce, and John Dewey. And 
these ideas are being rediscovered and 
articulated in new constructs associated with 
ecological psychology, situated or embodied 
cognition,  cognitive systems engineering, 
experience design, and the dynamics of self-
organization. 

Most significantly, I have come 
to the conclusion that the dynamics of 
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human experience and rationality are best 
characterized in terms of Peirce’s construct 
of Abduction. This is in contrast to more 
conventional approaches that use the 
normative standards of traditional logic 
as a benchmark for assessing the quality of 
human thinking and problem solving. 

It has been over 100 years since the 
establishment of psychology as a science, 
and the field continues to evolve as cognitive 
and neuro-sciences. However, despite this 
history, we still know surprisingly little 
about every day human experiences and how 
people use ‘common sense’ to successfully 
muddle through life. The goal for this book 
is to explore the intersections of mind and 
matter and to offer some hypotheses about 
‘what matters’ to people in everyday life, 
and about what should matter to scientists 
and designers who are seeking to design 
products that improve the quality of that life.

In his book, Pirsig draws a contrast 
between two types of motorcycle riders. 
On the one hand are the people who take 
responsibility for maintaining their own 
bikes. These people take responsibility and 
even pleasure in acquiring the tools and 
skills needed to maintain and repair the 
bike. On the other hand, there are the riders 
who enjoy riding the bike, but who take no 
interest in learning how to maintain and 
repair the bike. When the bike breaks down, 
these people are often frustrated by the need 
to trust the expertise of others (e.g., a paid 
mechanic) to do the repair.

I take the motorcycle as a token representing 
all technologies. And I believe that Pirsig 
is using the relation between people and 
their bikes as a metaphor for the general 
relationship between people and technology. 

All of us are dependent on technologies to 
some extent in order to get where we want 
to go, (i.e., achieve satisfaction in life). Yet, 
few of us have any interest in knowing how 
the technologies that we depend on (e.g., 
the computer, the internet, the smart phone)  
work. We tend to look to others (e.g., the 
geeks) to bail us out when things breakdown 
as they inevitably do. 

Pirsig seems to be suggesting that 
this state of dependence on a technology 
that we don’t fully understand can lead 
to an existential crisis. This is because the 
technology is not something ‘out there’ 
disconnected from who we are. Rather, 
the technology is a fundamental part of 
who we are. Thus, an ignorance about 
the technologies that we depend on is an 
ignorance about ourselves. This leads to 
a schism between our experiences and 
the reality of who we are. A split between 
mind and matter that makes it difficult to 
appreciate what matters.

Another contrast that Pirsig draws is 
between those who drive the motorcycle 
- looking forward and determining the 
future and those who ride on the back - the 
passengers, who see only where they’ve been 
and who have little say about where they are 
going. 

I take the motorcycle driver as a token 
representing the innovators who are creating 
the new technologies (e.g., Steve Jobs). And 
the passenger is a token for the rest of us, the 
consumers of the technology, who will be 
carried along and changed by the technology, 
but who may have little to say about what 
road to follow next. There is no choice in this 
matter, we are all on the same bike. Thus, 
changes in technologies will change who we 
are - whether we are passengers or drivers.



xiii

This book is written for both the drivers 
of the motorcycles and the passengers. In 
particular, there are two types of drivers that 
I hope to reach with this book. One type of 
driver is the designer/technologist. These are 
the people who know how the technologies 
work and these are the people who will have 
the most direct control over which road we 
take. The message for them is that it is not 
enough to know the technology, but they 
must also be guided by an understanding 
of other aspects of human experience. They 
need to make choices that are informed by an 
understanding of cognition and emotion. It is 
important for them to appreciate that every 
new design is a hypothesis about humans - 
about how they think and about what will 
make them happy!

The other type of driver is the cognitive 
or social scientist (of which I am one). Our 
impact on the direction of travel is less direct, 
but relevant nonetheless. Many designers 
and technologists will look to us, the social 
scientists, to help them understand human 
experience. The message for my fellow social 
scientists is that we need to understand 
that every design is a potential test of our 
theories. Additionally, it is important for 
us to understand that whether intended or 
not, our theories will impact the trajectory 
of technologies. So, we have a social 
responsibility to frame our theories in terms 
that make the practical implications of these 
theories explicit.

The goal is to provide a framework for the 
two types of drivers, the technologists and 
the social scientists, to collaborate. This is 
motivated by the belief that the experience 
of driving the motorcycle has emergent 
properties (or in Pirsig’s terms: qualities) that 
cannot be fully appreciated or understood 

from a perspective that considers the riders 
as objects independent from the bikes (the 
conventional social sciences); or from a 
perspective that considers the bikes as objects 
independent of the riders (the conventional 
engineering sciences). 

For example, who owns the question: 
“what makes a motorcycle beautiful?” Is 
this a question for the social scientists or for 
the engineers/designers? We might even 
take Don Norman’s suggestion and ask “Do 
beautiful motorcycles work better or lead to 
better experiences?” This is where science 
might learn something from the artists. But 
I suspect that satisfying answers will not 
be found in either the domain of the social 
scientist (looking inside the eyes/heads of the 
riders) or in the domain of the technologists 
(looking into the guts and forms of the bikes). 
I believe that both engineering/design and 
basic science will benefit by closing the gap 
that currently separates the arts or applied 
disciplines from the pure or academic 
disciplines. 

But this book is not just for the drivers. One 
of the themes throughout Pirsig’s book is the 
tension between Pirsig (the driver) and his 
son (the passenger). Ultimately, the tension 
is resolved when the son stands up on the 
back of the motorcycle to look over Pirsig’s 
shoulder and see where the motorcycle is 
going. A fundamental goal of this book is 
to allow anyone who is curious about the 
trajectory of the motorcycle to look down 
the road, so that they can see and perhaps 
participate in a dialog with the technologists 
and scientists to decide what direction we 
should be going. 

All of us, technologists, designers, 
cognitive scientists, economists, consumers, 
etc. are riding on the same bike. Whether 
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we are innovators, early adopters, or the 
last to embrace the new technologies, the 
technologies are changing and will continue 
to change our lives - to change who we are!  
We have a choice. We can be the person who 
embraces the challenges  associated with 
learning the technologies and how they 
change us. Or we can sit on the back and trust 
others to create who we will eventually be!

This book is my attempt to extrapolate 
from Pirsig’s Metaphysics of Quality to make 
some hypotheses about what a pragmatically 
oriented cognitive science might look like. 
The goal is to frame a cognitive science that 
will better address the dynamics of common 
sense (i.e., abduction) and that will be useful 
in making decisions about the design and 
use of advanced information technologies. 
In a sense, my goal is to bring a bit more art 
and creativity to cognitive science - to take 

the science out of the laboratory and ground 
it in the pragmatics of everyday human 
experience. 

I also hope to bring a bit more science 
to the art of design innovation. Technologists 
need to be more mindful of the impact of 
these technologies on human experiences. 
As a society, we need to be more deliberate 
in our choices of what roads we go down. We 
need to consider both what we can do, and 
what we should do. It is also important that 
our experiences with practical innovation 
can feedback to inform basic theories about 
cognition. 

Thus, this is about a new way to think 
about who we are and who we are becoming. 
It is a new way that explicitly acknowledges 
the important role of the motorcycle and 
the intimate connections between mind and 
matter that ultimately shape What Matters!

Design of the Book

One of the eccentric features of the book is 
the use of cartoons that are drawn by Fred 
Voorhorst. This reflects our belief that words 
alone are not sufficient to tell the story we 
want to tell. The cartoons help to dampen 
my tendencies to be the erudite professor! It 
is sad that today the adjective ‘academic’ is 
a pejorative term that typically means ‘not 
relevant to everyday life.’ We are hoping 
that this book will be more than an academic 
exercise. We are hoping that this book will be 
of interest to a broad audience of people who 
are curious to discover new ways to think 
about human experience.

Unfortunately, publishers are not so sure 
about this. The textbook publishers are 
nervous about the cartoons. They wonder if 
this is a serious book. The trade publishers 
are OK with the cartoons, but they are 
skeptical about whether nonacademics 
would be interested in this book. To them, 
the intersection of cognitive science and 
experience design seems like a set containing 
very few customers. 

Part 1 provides the metaphysical foundations 
for thinking about what matters.  I know 
you are thinking, here comes the ‘academic’ 
mumbo jumbo. However, the goal of this 
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section is to turn philosophy on its head. To 
shift the focus from searching for ‘absolute 
truths’ toward a practical philosophy relevant 
to everyday living. Chapter 1 considers 
what a practical reality looks like. Chapter 2 
explores the paths to discovering this practical 
reality. Chapter 3 focuses on the pragmatics of 
meaning to consider how we learn to see the 
world as it is. Finally, Chapter 4 introduces 
three constructs that span the gap between 
mind and matter to reflect what matters. 
These constructs are satisfying, specifying, 
and affording. Each of these constructs 
reflects relations between mind and matter 
that are critical to understand the dynamic of 
successful adaptation.

Part 2 explores the dynamics of the coupling 
between perception and action. Everyday 
life is about adapting to the world in order 
to achieve satisfaction. This is a closed-
loop dynamic in which people adjust their 
actions to be consistent with the demands 
of situations.  At the same time, their actions 
are reshaping the situations. The goal for this 
section is to illustrate that the typical scientific 
language of explanation (i.e., cause and effect) 
will not work. In a circular coupling, there 
is no temporal ordering in time that will 
allow specification of causal relations. The 
interaction of mind and matter cannot be 
isolate in time, the interaction happens over 
time. 

Chapter 5 looks at abduction as a 
model for the logic of common sense. This is 
contrasted with classical models of deduction 
and induction that are framed independently 
from the context of everyday life. Chapter 6 
considers the dynamic of adaptation from the 
perspective of development and learning. It 
introduces the construct of self-organization. 
Chapter 7 considers the dynamic of adaptation 

from the perspective of control. The focus is on 
how constraints associated with affording and 
specifying shape the capacity for satisfying. 
Chapter 8 considers the dynamic of adaptation 
from the perspective of observation. The focus 
here is on how the constraints on affording 
and satisfying are specified. 

Part 3 explores the dynamic of adaptation 
in the context of everyday problem solving. 
This section explores how we use experience 
to guide the choices we make and how we 
learn from the consequences of those choices. 
A central theme in this section is that life 
is not about making the right choices, but 
rather it is about making the choices right. 
In other words, achieving satisfaction is not 
about a decision isolated in time, but about 
an extended process of muddling through. 

Chapter 9 provides a general 
overview of how people muddle through 
to make choices work. Chapter 10 contrasts 
conventional thinking that measures human 
rationality in relation to the prescriptions 
of context free, mathematical logic, with an 
ecological approach that measures human 
rationality in relation to the practical 
constraints of everyday life. Chapter 11 
focuses on the constraints of situations and 
how the representation of these constraints 
matter for understanding human problem 
solving. Chapter 12 considers the role 
of emotion as an intrinsic property of 
adaptation in everyday life. We make the 
case that emotions are essential to making 
choices right. 

Part 4 extends the scope a bit and then 
tries to tie everything together. Chapter 13 
explores some alternative ways to visualize 
the dynamics of experience. State space 
representations are suggested as a way 
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to represent trajectories over time. A key 
consideration is to choose an alphabet for 
specifying functional ‘states’ of experience. 
Chapter 15 considers organizational 
sensemaking. We make the case that the 
dynamic of adaptation is similar at the 
organismic and organizational level. Chapter 
14 considers the wisdom of experience. In Part 
3 we reject the prescriptions of mathematical 
logic as appropriate norms for rationality. In 
this chapter we making hypotheses about 
possible norms for gauging good thinking. 
In Chapter 16 we sum up the main points 
and present our hypotheses about the 
implications for cognitive science and the 
design of technology. 

Writing this book has been a very satisfying 
journey for me. Whenever I got a new 
cartoon from Fred, my day was brightened! 
The cartoons were an important part of the 

dynamic of writing that in part shaped the 
cartoons and in part was shaped by the 
cartoons. The book has turned out quite 
differently from the book I had in mind 
when I started. In many respects, the book 
has self-organized and emerged over time 
as my thinking was shaped by writing and 
by living. The hardest part was letting go, 
because my journey continues and my 
thinking continues to change. 

However, it is necessary that I let go to 
see if some of the ideas can fly on their own. 
Now the book is in your hands. I hope that the 
ideas will be reshaped by your experiences in 
ways that I can’t even imagine. The ultimate 
success of this book will depend on what you 
create next. I can’t wait to find out!

John Flach
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Chapter 1.
The Reality of Experience

Consider two major innovations that have 
transformed human experience – the 
airplane and the graphical user interface. In 
the case of the airplane, how was it that the 
Wright Brothers, two bicycle shop owners 
with minimal formal education, were able 
to succeed where the more conventional 
scientists and engineers of the day failed 
(e.g., Samuel Pierpont Langley and Octave 
Chanute). In the case of the graphical user 
interface, how was it that the engineers at 
Xerox’s PARC1 research center (e.g., Alan 
Kay, Butler Lampson, Charles Simonyi, 
Robert Taylor, Charles Thacker) and later 
Steve Jobs were able to imagine potentials 
for using computers that the executives at 
Xerox and many others could not?2 What 
about the iPhone? Steve Jobs did not invent 
any of the technologies that made either the 
graphical user interface or the smart phone 
possible, yet he and a few others were able 
to imagine potentials for integrating these 
technologies into products that changed 
human experience in fundamental ways3.

An important factor that differentiated these 
innovators from their peers was the fact that 
they framed what others saw as problems 
of technology as problems of human 
experience. Where Langley was designing 
an aircraft, the Wright Brothers were 
exploring the experience of flight, which 
they understood to center on the ability to 
control the aircraft4. They did not ignore 
the aerodynamic problems associated with 
generating sufficient lift, but they understood 
that it was not simply about getting off the 
ground. The Wright Brothers’ patents are 
not on the aircraft per se, but on the control 
system. They designed their plane around 
the piloting function. 

When most saw computers as 
specialized scientific instruments, the 
engineers at PARC and Steve Jobs were 
exploring how the power of computers could 
shape the everyday experiences of managing 
and exploiting information (in both the office 
and the kitchen). In both cases, the aircraft 
and the graphical user interface, the focus on 
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putting the human in control was a critical 
source of inspiration!

These innovators were able to imagine 
integrations of technology and human 
experience that their contemporaries did 
not. These innovators were able to see past 
conventional images of mind and matter 
to more fully appreciate ‘what matters.’ 
Thus, an important step toward innovation 
in the design of advanced technologies is 
innovation in our understanding of human 
experience and a deeper appreciation of the 
relations between mind and matter. 

There is no recipe or easy path to 
innovation. There is no simple explanation 
for the genius of the Wright Brothers or 
of the scientists and engineers at PARC. 
Why aren’t the things that appeared quite 
obvious to these modern eccentrics more 
obvious to others? Perhaps the conventional 
ways of thinking about humans (mind) and 
technology (matter) are obstacles to these 
insights. Is it possible that contemporary 
science and engineering are grounded in 
assumptions and/or traditions that make it 

difficult to imagine and difficult to realize 
the possibilities that these eccentrics were 
able to imagine and realize? The point of this 
book is to open your imagination and your 
heart to consider new ways to think about 
human experience with the hope that this 
might open new paths to innovation.

We are quite lucky to be living at a 
time when the elemental components for a 
new way to think about ‘what matters’ are 
all around us. None of the particular ideas 
in this book are new and in fact many of 
the ideas have been around for quite some 
time. However, there is an opportunity to 
integrate these components, in a smarter 
more elegant way. The hope for this book 
is to repackage elements from our sciences 
of mind and matter into a more coherent 
narrative about ‘what matters.’ The hope is 
that this integration will be a springboard for 
creativity in both science and design. To start 
the discussion, consider some of the most 
basic assumptions that shape (or bias) our 
understanding of our world and ourselves.

Alan Kay5
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Meta-Science

Readers with a background in science and technology may find it implausible that philosophical 
considerations have practical relevance for their work. Philosophy may be an amusing 
diversion, but it seems that the theories relevant to technological development are those of the 
hard sciences and engineering. We have found quite the opposite. Theories about the nature of 
biological existence, about language, and about the nature of human action have a profound 
influence on the shape of what we build and how we use it6.

Philosophy or metaphysics is the last thing 
that most STEM7 students are interested 
in at the start of their careers. For example, 
students pursuing careers in the cognitive 
sciences are anxious to start collecting data 
to empirically test specific hypotheses about 
human performance to learn how the mind 
works. For students in engineering and 
design, they are eager to start building things 
to test their intuitions about how technology 
works and to explore the potential for 
new innovations. However, whether you 
mindfully make metaphysical choices or 
not, your work is guided by metaphysical 
assumptions about the fundamental 
nature of reality (i.e., an ontology) and the 

fundamental limits of your ability to discover 
that nature (i.e., epistemology). 

In the preceding cartoon, the figure 
at the intersection of the column and row 
on the blackboard is given three different 
interpretations:

1) the letter “B”, 
2) the number “13”, or 
3) an “ambiguous” object. 

Are any of these interpretations more or 
less real than the others? Are some of these 
interpretations illusions? What about a 
person’s preference for a particular smart 
phone, the sense of quality associated with 
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a well designed hand tool, the frustration 
associated with a poorly designed web 
interface, or the emotions elicited by a 
beautifully designed Zen garden? Are these 
experiences real? Or are they epiphenomena 
associated with underlying neural networks? 

Conventionally, the interpretations 
of the two boys in the cartoon have 
been attributed to illusions, while the 
interpretation of the teacher has been 
considered to be a concrete fact – to be real8. If 
you are totally comfortable with that, then the 
point of this book is to disturb that comfort 
and to challenge some of your assumptions. 
Consider the possibility that ‘B’ and ‘13’ are 
both as real as the teacher’s interpretation 
of an ambiguous figure. The lesson of this 
example is that context matters with respect 
to the reality of human experience. Not just 
the spatial context of the adjoining figures, 
but also the experiential history of the 

people with alphabets and numbers (and 
with illusions). Reality involves the extended 
experience over space and time, not the 
isolated ambiguous figure. Each response 
reflects a different context – but there is no 
sense in which any of the contexts are more 
or less real than the others.

If you are not willing to change your 
assumptions, at least carefully consider the 
assumptions that underlie your choices. 
The fundamental hypothesis of this book is 
that conventional assumptions about mind 
and matter have become obstacles to the 
development of cognitive science and to the 
practical application of cognitive science to 
the design of technology. A premise of this 
book is that what matters is fundamental, and 
that the constructs of an objective matter and 
a disconnected mind are abstractions from 
this fundamental reality. 

Quoted from William James “Psychology”9
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Ontological Perspectives

Living a human life is a philosophical endeavor. Every thought we have, every decision we 
make, and every act we perform is based upon philosophical assumptions so numerous we 
couldn’t possibly list them all. We go around armed with a host of presuppositions about what 
is real, what counts as knowledge, how the mind works, who we are, and how we should act12.

The cartoon on the front plate for this chapter 
illustrates four different assumptions about 
the fundamental nature of reality – or, in 
other words, four different ontological 
positions. The goal for this chapter is to 
introduce these different positions, so that 
you can be aware of the assumptions that 
are entailed. Hopefully, this awareness will 
facilitate clarity of thought and will help 
to cut through some of the fog and friction 
that make collaboration across disciplines so 
difficult. 

The first three ontological positions are well 
illustrated by the Venn diagram in Figure 1.1. 
One circle in this diagram represents mental 
phenomena – associated with constructs 
of Mind. The second circle in this diagram 
represents physical phenomena – associated 
with constructs of Matter. The ontological 
question, in terms of Figure 1.1, is: which 

parts of this Venn diagram reflect aspects 
that are fundamental to the nature of reality? 

One position is that nature is 
fundamentally composed of Matter. This 
position is typically referred to as Materialism. 
This ontological position assumes that 
anything outside the Matter circle is an 
epiphenomenon that will ultimately be 
discovered to arise from elements within the 
Matter circle. Paul and Patricia Churchland 
represent a modern variation on this view 
– Eliminative Materialism11. In this view, the 
aspects of Mind that fall outside the Matter 
circle represent a kind of ‘folk psychology’ 
that will be found to be unscientific. In other 
words, this ‘folk psychology’ is a derivative 
from more fundamental properties of matter. 
Thus, materialists typically search for 
answers to nature’s puzzles in the properties 
of matter – in the chemical properties of the 
tea interacting with the biological properties 

Mind Matter

Figure 1.1 Mind or matter, which matters when it comes to a scientific basis for explanation?
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of the brain. For example, many cognitive 
scientists prefer the label ‘neuroscientist,’ 
because they assume that the answers to 
psychological questions will ultimately be 
grounded in the properties of the brain (e.g., 
neural networks). Similarly, many designers 
and engineers dismiss input from the ‘soft’ 
sciences as too ‘fuzzy’ or as simply a matter 
of ‘taste’ or ‘marketing.’ They prefer to 
address the ‘user experience’ in terms of 
simple empirical questions framed as use-
ability studies in the final phase of the design 
process.

A second ontological position is that each 
circle in the Venn diagram represents a 
fundamentally different kind of phenomenon, 
and that a complete understanding of 
nature requires an understanding of these 
two, different realities. In other words, each 
circle is important. This position is known 
as Dualism and it is typically associated with 
Rene Descartes. The implication of this is 
that there may be a need for two different 
kinds of sciences: one, prototypically physics, 
for dealing with the ultimate reality of 
Matter; another, prototypically psychology, 
for dealing with the ultimate reality of Mind. 

This position asserts that the phenomenon 
of Mind cannot be reduced to physics, and 
that the phenomenon of Matter has a reality 
that is independent from that of Mind. This 
is summarized in the commonly repeated 
quip attributed to the philosopher, George 
Berkeley: “What is mind? No matter. What is 
matter? Never mind.” This dualistic ontology 
dominates Western culture.

One of the challenges for a dualistic 
ontology is to explain the nature of the 
interactions between Mind and Matter. 
How does the reality of Mind come to 
know the reality of Matter? This raises the 
issue of information processing. How do 
properties of the physical tea communicate 
with the sensory and cognitive systems to 
produce a ‘taste’ or a feeling of ‘satisfaction?’ 
Does it depend on logic – the world of 
matter is inferred based on partial cues 
from experience (e.g., Richard Gregory’s 
Constructivist approach to perception12)? 
Or is our knowledge of the material world 
empirically grounded in the dynamics of 
perception-action (e.g., James Gibson’s 
Realist approach to perception13)?

The problem of linking the properties 
of mind with the properties of matter is 

Paul and Patricia Churchland 
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typically referred to as the correspondence 
problem. As Winograd and Flores observe, 
the ‘rationalist tradition’ that has shaped 
cognitive science has tended to sidestep 
the correspondence problem – that is 
assuming correspondence and then focusing 
exclusively on the ‘rules’ governing the 
relations among objects of the mental 
representation:

Rationalist theories of mind all adopt some 
form of ‘representation hypothesis,’ in 
which it is assumed that thought is the 
manipulation of representation structures 
in the mind. Although these representations 
are not specifically linguistic (that is, 
not the sentences of an ordinary human 
language), they are treated as sentences in 
an ‘internal language’14

A third ontological position, typically 
referred to as Idealism, assumes that reality 
is based exclusively in Mind. In terms of the 
Venn diagram, this suggests that there is no 
reality outside of the circle of Mind. Idealism 
has historical roots, through Plato to early 
explorations in mathematics associated with 

irrational numbers like Pi. An irrational 
number has no concrete specification, yet 
it is fundamental to concrete objects like 
circles.  From the idealist position, the 
concrete circles that we experience in our 
everyday lives are imperfect realizations of a 
more basic reality that can only be accessed 
through mathematics. In Plato’s terms our 
experiences in the physical world are mere 
shadows on the cave wall that correspond 
to a reality based on a rational ideal (e.g., 
mathematics).

Thus, for the idealist, irrational 
numbers like Pi, that are impossible to 
realize materially (i.e., because it would 
require an infinite number of decimal places), 
may be more fundamental to reality than 
the material approximations that we can 
experience directly. In essence, the rational 
rules that govern the representations (e.g., 
mathematical or mental) are considered to be 
the ultimate grounding for reality. 

A modern variant on an idealist view 
is phenomenology (e.g., Edmund Hussrl, 
Martin Heidegger). Phenomenology focuses 
on the mind as a fundamental key to 
reality. Constructs like ‘being in the world’ 
‘consciousness,’ ‘intentionality’ ‘meaning’  

René Descartes
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‘qualia’ or ‘throwness’ become fundamental 
constructs to be understood as the basis for 
our beliefs about the world of matter. The 
representations in the mind - the sentences 
of our internal speech become the most 
fundamental basis of experience.
Thus, for the phenomenologist the ‘taste of 
the tea’ may be more fundamental than the 
chemical composition of the tea; and in fact, 
the chemical composition of the tea may 
only become ‘real’ relative to the human 
experience of that composition. As Winograd 
and Flores observe about Heidegger’s 
ontology:

The interpreted and the interpreter do 
not exist independently: existence is 
interpretation, and interpretation is 
existence.15

Although the idealist ontology may seem 
anti-scientific at first blush, consider the 
pragmatic constraints on observation. How 
is it possible to know a reality of matter that 
lies outside the scope of Mind? Practically, we 
can’t know what we don’t know, so science is 
limited to what we can bring to Mind, what 

we can imagine.  When it comes down to it, 
isn’t ‘science’ a system of beliefs or at least 
a system for testing and establishing beliefs 
(e.g., hypotheses)? This position conflates the 
problem of what is real (ontology) with the 
problem of what can be known (epistemology) 
that will be explored more extensively in 
the next chapter. This position is known as 
Pragmatism. Historically, this position is a 
precursor to a fourth ontological position 
suggested by William James. That is the 
ontological position of Radical Empiricism16.

This fourth ontological position is 
more difficult to understand relative to the 
diagram in Figure 1.1. This view shares some 
similarities with phenomenology as it is 
motivated by James’ keen curiosity about the 
basis for human beliefs. In terms of Figure 
1.1 it would be tempting to associate Radical 
Empiricism with the intersection of the two 
circles. This image suggests that the larger 
parts of the two circles that are outside that 
sliver are epiphenomena that must ultimately 
be grounded in properties of the interaction 
between Mind and Matter. 

The problem with the Venn diagram in 
Figure 1.1 is that William James’ expansive 
ontology that considers both Mind and Matter 

Edmund Hussrl 
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as parts of a unified ontology is depicted 
as a narrow view relative to the other three 
positions. It is especially narrow relative to 
the dominant dualistic ontology that appears 
to provide the broadest view of nature. In the 
context of Figure 1.1, the Radical Empiricist 
ontology seems to exclude significant parts 
of both Mind and Matter as epiphenomena. 
But this problem is the result of the culture 
that we live in. Figure 1.1 started with a 
dualistic assumption by creating two circles, 
one for Mind and another for Matter. If you 
grew up in a Western tradition, you probably 
accepted this, without question, as the most 
logical starting point for any discussions of 
reality.

In fact, you have probably had some exposure 
to the first three ontological positions 
(materialism, idealism, and dualism) and 
they have probably been presented as the 
only three logical possibilities. That is, 
ontology is either exclusively based in Matter 
(materialism); or it is exclusively based in 
Mind (idealism); or we need independent 
ontologies for each (dualism). What other 
possibility is there? Figure 1.2 illustrates 

a fourth possibility that James imagined. 
James did not want to deny any aspects of 
the phenomenon of mind or matter from the 
sphere of science, but he refused to accept 
that there were two realities. He resisted the 
temptation to divide science between the 
science of mind and the science of matter. 
He was searching for a unified science that 
would address Mind and Matter- a science of 
experience.

Thus, in the earlier cartoon showing the 
‘ambiguous’ figure, consider the possibility 
that the perceptions of “B” or “13” are not 
illusions. Nor are they purely ‘mental’ events. 
Rather, these perceptions are grounded in 
the larger context of the diagram (including 
the surrounding figures) and in the larger 
experiential context that includes the boys’ 
social history with alphabets and numbers. 
These perceptions are not exclusively matter 
(e.g., disconnected physical objects); nor are 
they exclusively mind (i.e., unconstrained by 
the physical context). These perceptions are 
emergent properties that reflect constraints 
associated with both mind (e.g., past 
experience) and matter (e.g., the physical 
arrangement on the board). 

Mind MatterExperienceMind MatterExperience

Figure 1.2 Mind and matter, two different depictions that both show two facets of the phenomenon 
of nature to be understood as components that are integrated within a unified whole of 
experience?
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This point is also illustrated by Weinberg’s 
story about the three umpires and how they 
called ‘balls’ and ‘strikes’ (the cartoon above). 
Is there an absolute ‘truth’ for differentiating 
balls and strikes that is independent from 
the experience of the umpires? Or perhaps, 
the reality of a ‘ball’ or a ‘strike’ is in part 
determined by the umpire? Note that the 
point is not that ‘balls’ and ‘strikes’ are 
arbitrary choices of an individual, but rather 
that the awareness of the umpire plays an 
important role in shaping the pragmatic 
reality of the situation.  That pragmatic reality 
is what will ultimately determine the success 
of the umpire and the outcome of the game. 
No matter what the position of the ball, the 
umpire’s call will determine the batter’s fate. 
But, of course, the umpire’s fate is also on the 
line and the stability of his situation depends 
on the correspondence of his calls with the 
social and physical dynamics of the game. 
This was the central question for James and 
the early pragmatists (e.g., Peirce): How is it 
that our beliefs come to align with the demands of 
the game of life? How do mind and matter come 
to a stable relation with respect to what matters?
For James the division of sciences with 
some, like physics, focusing on ‘objective’ 
properties of matter (e.g., the arrangement 

of the marks on the board, the trajectory of 
the ball with respect to the plate) and others, 
like psychology, focusing on ‘subjective’ 
properties of mind (e.g., the relation to the 
different letter or number contexts, the 
umpire’s call) was a smart tactical choice 
for managing the complexity of nature. 
However, he saw this division as a temporary 
condition for a young science. He assumed 
that with maturity, the separate lines of 
investigation (the sciences plural) would 
eventually converge and work together to 
build a unified singular Science to explore 
the full range of experience (What Matters) 
that included both ‘objective’ properties 
conventionally associated with Matter 
and ‘subjective’ properties conventionally 
associated with Mind.

Certainly, science has matured 
significantly from the time of William 
James (1842 -1910). However, it seems that 
it is still far from the kind of convergence 
that James envisioned. Perhaps it is even 
further from that convergence today than in 
James’ day, when it was common for great 
minds to consider the broader metaphysical 
implications of their work. Perhaps, this 
is due to the accumulation of data within 
specific disciplines. Academic curricula seem 
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to be increasingly burdened by the need to 
cover the accumulated data and there seems 
to be less and less time and opportunity 
for students to explore across multiple 
disciplines, much less to get involved in 
the ‘morass’ of philosophy. When gaps are 
discovered between disciplines there seems 
to be a tendency to fill the gaps with new 
even more specialized disciplines.

Despite initiatives from scientific 
organizations like the National Science 
Foundation to promote cross-disciplinary 
collaborations, there seems to be little 
patience among engineers and scientists to 
engage with the metaphysical assumptions 
that shaped and separated the disciplines. 
Until these assumptions are engaged, it 
may be impossible to bridge the gulfs that 
separate the ‘hard’ and the ‘soft’ sciences; or 
the gulfs that separate the ‘basic’ scientists 
from the ‘applied’ scientists; or the gulfs 
that leave ‘theories of cognitive science’ 
disconnected from ‘practical problems of 
designing user experiences.’ 

The failure to bridge the gap between 
our minds and the things that matter (e.g., 
the qualities of life such as goodness) can 
result in a kind of existential schizophrenia 

as insightfully describe by Robert Pirsig 
(Zen and the Art of Motorcycle Maintenance, 
Lila17). On the one hand, the products 
of the hard sciences (e.g., the internet) 
are becoming an increasingly essential 
part of our experience, but rather than 
increasing our sense of connectedness with 
reality, the result is an increasing sense of 
disconnectedness (e.g., an alienation from 
the technologies that we depend upon). 
While science reveals much about nature, 
the price of admission to science often 
is that we leave our values (our sense of 
morals or goodness) out of the discussion. 
Thus, we become more knowledgeable, but 
increasingly less intimate. We see more, but 
from an increasingly distant perspective. In 
the end, we become isolated and lost in a 
world that is reduced to cold, hard facts and 
we lose the ability to judge what is good for 
us and what is bad. Pirsig’s ‘Metaphysics 
of Quality’ is a modern variant of James’ 
Radical Empiricism. In Pirsig’s metaphysics, 
Quality is a joint function of mind and matter. 

In Pirsig’s metaphysics the subjective 
qualities (e.g., the goodness of the taste) 
are no longer of a different kind than the 
objective qualities (e.g., the chemistry of the 

William James
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blend of tea). It is not the case that only one of 
these is real, and it is not the case that these 
are parts of two separate realities. No! There 
is a single reality, a single experience of the 
tea. The challenge is  to find a single science 
that can provide both the theoretical context 
for appreciating this ‘quality’ and a practical 
context for engineering technologies that will 
potentially improve the ‘quality’ of life. 

It is probably easier for people 
struggling with the practical problems of 
designing technologies that work for people 
to realize that the problems of user experience 
span the classical constructs of mind and 
matter. The recent emergence of Apple to 
pass Exxon as the most profitable company 
in the world, suggests that intuitions into the 
user experience can be more valuable than 
oil. Yet, until the metaphysical contradictions 
of our ontologies that treat mind and matter 
as disconnected are faced, the design of 
quality user experiences will remain the 
art of geniuses like Steve Jobs and Jony Ive, 
rather than the product of science driven, 
engineering practice. 

The goal is not to take the genius out of 
design, but to explore ways to put the power 

of science behind that genius, and perhaps to 
explore ways to put the genius of design back 
into science. Science was never intended to 
be the authority that defends conventional 
wisdom, rather it is intended to be the engine 
of innovation for overturning conventional 
wisdom in pursuit of deeper insights into the 
complexities of nature.

This is an exciting time with respect 
to the questions that early functional 
psychologists like James raised about the 
metaphysics of cognition. On the one hand, 
technological innovations associated with 
information technologies are increasing 
appreciation for the fundamental role of 
humans with regards to making systems 
work19. This is raising many practical 
questions about the nature of human 
experience in relation to the design and use 
of these technologies. On the other hand, 
developments in the physical sciences 
associated with chaos and dynamical systems 
are raising analogous questions about both 
the dynamics of natural systems (e.g., self-
organization) and the nature of scientific 
explanations (e.g., circular causality). For 
example, Mandelbrot’s fractal geometry 

Quoted from Robert Pirsig “Zen and the Art of Motorcycle Maintenance” 17
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suggests that a simple fact like the length 
of a coastline may depend on the choices 
that scientists make20. As the basic unit of 
measurement becomes smaller, the length of 
the coastline increases (approaching infinity 
as the unit of measurement becomes finer). 
As with the ‘balls’ and ‘strikes,’ it seems that 
the length of a coastline cannot be decided 
on purely ‘objective’ grounds. Ultimately, the 
scientist has to make the call. 

Additionally, empirical work in 
neuroscience21 is inspiring new intuitions 
with respect to metaphysics. Constructs such 
as embodied cognition are for the first time 
putting ‘flesh’ on William James’ intuitions 
and are paving the way for reconnecting 
mind and matter within the pragmatic 
dynamics of perception and action in a world 
that matters22. 

Thus, this book is an effort to reconsider 
some of the questions raised by Winograd 
and Flores about the nature of computers 
and cognition:

In the course of developing a new 
understanding we came across questions 
that have long been the subject of debate, 
such as “Can computers think?”, “Can 
computers understand language?”, and 

“What is rational decision-making?” We 
address these questions not so much to solve 
them as to dissolve them. They arise in a 
background of understanding about human 
thought and language, a background that 
itself needs to be reexamined and revised. 
In the end, we are not concerned with 
providing new answers to questions about 
technology as they have traditionally been 
posed. We look towards new questions that 
can lead to the design and use of machines 
that are suited to human purposes24.

Perhaps, questions raised in this book will 
help those pursuing careers in cognitive 
science, cognitive engineering, or experience 
centered design to gain new insights into 
what matters? 

George Lakoff and Mark Johnson24
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Chapter 2>
Putting Things Into Perspective

Heinz von Foerster, a general systems 
theorist, once observed that there are two 
distinct attitudes toward the world. On the 
one hand there are the ‘discoverers,’ and 
on the other hand, there are the ‘inventors.’ 
The Discovers see themselves as apart from 
the world. They consider themselves to be 
residents of an independent world whose 
regularities are ‘out there’ to be explored 
and discovered. In contrast, the Inventors 
see themselves as a part of the world. They 
consider themselves to be participants in 

a dynamic world whose regularities are 
continually evolving and being recreated, at 
least in part as a consequence of their own 
actions. Foerster notes that he is particularly 
impressed by the fact that neither of these 
two groups is aware that they have made a 
particular choice about how to look at reality. 
This choice that Foerster is referring to is 
classically addressed in philosophy as the 
problem of Epistemology.

Where the ontological problem 
addressed in Chapter 1 considers what reality 

Heinz von Foerster
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is; the epistemological problem considers 
what we are capable of knowing about that 
reality. In academic philosophy these are 
two different questions, but in practice, the 
choice of epistemology is typically intimately 
related to the choice of ontology. For example, 
those who choose a materialist ontology, 
typically see themselves as Discoverers. For 
them, the world is out there. For them, it is 
essential for achieving good science to take 
an objective stance toward the phenomena 
of nature. In fact, from this perspective the 
function of the scientific method is to create 
this objective distance between the observer 
and the phenomenon. 

Thus, for example, a cognitive 
neuroscientist might search for the answers 
to psychology in objective brain structures, or 
in computational models realized as concrete 
computer simulations, or in carefully 
controlled experimental paradigms designed 
to minimize demand characteristics1. This 
attitude leads the neuroscientist to be 
skeptical toward more naturalistic forms 
of observation where the scientist often 
becomes more of an active participant, than 
a passive observer. This attitude also leads 
to a large gulf between the ‘hard’ disciplines, 
where an objective separation is maintained 
between phenomenon and observer (e.g., 
neuroscience) and the ‘soft’ disciplines, 
where there is a more intimate relation 
between observer and the phenomenon (e.g., 
art and design). This attitude also leads to a 
large gulf between research enterprises (e.g., 
the science of medicine) and fields of practice 
(e.g., the art of healing).

The combination of a materialistic 
ontology with the epistemological attitude 
of a discoverer has been dominant in 
Western attitudes toward the discipline of 

science. However, it leads to an interesting 
conundrum. When acting as the scientist, 
apart from the phenomena, where is the 
observer standing? Is it really possible for 
the scientist to stand apart from the natural 
phenomena that he is studying? Where 
does the scientist stand? Is there a ‘ruler’ 
for measuring the length of the coastline of 
England that is independent of the observer? 

This conundrum leads many people 
to become open to the possibility of a 
dualistic ontology. That is, the addition of 
the possibility of a mind, independent from 
the world of matter, provides a place for the 
objective observer to stand! Thus, science 
and mathematics can be exercises of Mind to 
understand the world of Matter that is ‘out 
there.’ This attitude has generally worked 
well for the physical sciences. The discipline 
of objective, empirical science has generated a 
wealth of discoveries about the independent 
properties of Matter. This enterprise has 
been so successful, that it has become the 
de facto model of ‘science.’ A model that has 
been embraced not only by those seeking to 
uncover the regularities of Matter, but also by 
those who seek to discover the regularities of 
Mind. 

While dualism provides a solution to 
the conundrum about where the scientific 
observer is standing with respect to the 
phenomenon of Matter, the problem 
remains for the phenomenon of Mind. Is it 
possible to take the objective perspective 
of a Discoverer when studying the Mind? 
Where does the scientist of Mind stand? This 
conundrum led John Watson2 to redefine 
the ‘science of psychology’ from the ‘science 
of mind’ to the ‘science of behavior.’ In 
objectifying the phenomenon as behavior, 
it became plausible that the scientist could 
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stand apart from that behavior as a passive 
observer in order to discover the regularities. 
Researchers pursuing a science of behavior, 
such as B.F. Skinner, realized that by shifting 
their attention to animal behavior (e.g., white 
mice and pigeons), it would be easier to 
stand apart from the phenomenon in order to 
achieve the objective distance essential to the 
attitude of a Discoverer. Clearly, this program 
of research has been very successful and has 
contributed greatly to our understanding of 
the world.

For many, however, the behaviorist 
approach was unsatisfying. It seemed too 
narrow a perspective, even for understanding 
animal behavior. For example, Edward 
Tolman3 showed through a series of clever 
experiments on maze learning with rats that 
the learning could not be explained based 
on simple associations between behavior 
and reward. As illustrated in Figure 2.1, he 
showed that when reinforced routes through 
the maze were blocked, rats chose alternative 
paths that suggested that they had learned 

more than a specific route (i.e., a specific 
sequence of actions). They chose a path that 
was most nearly associated with the direction 
to the goal box (C in Figure 2.1), illustrating 
that they had learned about the layout of the 
maze and the relative position of the goal 
box. This led Tolman to posit the construct 
of a ‘mental map’ to reflect the fact that the 
rat had learned more than a simple sequence 
of behaviors, it had learned something 
about the general layout of its environment. 
Tolman’s observations and hypotheses were 
very significant in helping psychology to 
escape from strict behaviorism to reconsider 
the possibility of a science of Mind. 

The invention and development of the 
computer through the 1940s and 1950s offered 
another plausible solution for maintaining 
an objective Discoverer epistemology with 
respect to a science of Mind. The computer 
metaphor allowed Matter to be objectified 
in terms of ‘hardware,’ and Mind to be 
objectified in terms of ‘software.’ With the 
framework that evolved from this computer 

Goal
(food)

Start

A

B

C

Figure 2.1 This illustrates the logic of experiments to assess whether rats are learning spatial relations 
when trained in a maze. After being trained to follow path B to attain food reward, that path 
is blocked. How do rats respond?
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metaphor, the phenomenon of Mind could 
be visualized as objective information 
processes. These information processes 
(e.g., encoding, memory, decision making) 
could be tested both empirically in the 
experimental laboratory and analytically 
through computer simulations. The 
computer simulations, in particular, became 
a benchmark for establishing objective, 
computational norms or standards against 
which to ‘measure’ man. 

The computer metaphor reinforced both 
the plausibility of the Discoverer attitude 
toward the phenomena of Mind and Matter 
and the plausibility of a dualistic ontology 
where Mind (i.e., software) could be treated 
independently from Matter (i.e., hardware). 
This intersection of a Dualistic ontology 
and a Discoverer epistemology has been 
dominant over the last 50 years and it has led 
to significant advancement in both science 
(including the evolution of a new computer 
science to focus explicitly on the properties 
of computations) and engineering (leading 
to amazing developments in information 
technologies).  In some ways, developments 
of information technologies in terms of 
smart phones and social networks have 
leapfrogged well beyond the imaginations of 

even the science fiction writers. For example, 
compare how smart phones are used today 
relative to how the ‘communicators’ were 
envisioned in the Star Trek series. 

Although the computer metaphor has 
been enormously successful, for some there 
continues to be something missing with 
respect to a complete science of Mind. There 
seems to be both less and more to Mind than 
the ‘cold’ computations of logical machines. 
Initially, researchers focused on the apparent 
deficits of humans relative to computers. 
The gulf between the prescriptions of 
normative logical algorithms and the actual 
behavior of humans could be attributed to 
the information limitations of humans, such 
as the seven plus or minus two capacity of 
working memory described by George Miller. 

However, as researchers expanded their 
field of view, from examining performance 
on relatively simple puzzles and games (e.g., 
tic-tac-toe, crypt-arithmetic, and chess) to 
more complex problem solving (e.g., chess, 
medical diagnosis; fault diagnosis in nuclear 
power plants; and management of aviation 
systems), they discovered that in complex, 
dynamic worlds, the human can often be 
more resilient than the logical automatons. 
It seems that decision making in fields of 
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practice, such as medicine, require nuanced 
insight that, for now, exceeds the capacity of 
even very sophisticated computers. 

Dissatisfaction with the computer 
metaphor has led some to look into the 
brain for a more satisfying understanding of 
human cognition. Perhaps, the differences 
between computers and humans reflect 
fundamental differences in the way these 
systems are wired [e.g., neural nets versus 
production systems; or analog systems 
versus digital systems; or the presence and/
or nature of the interplay between ‘higher’ 
(logic-based) and ‘lower’ (emotional-
based) centers within brains]. For these 
neuroscientists, the Discoverer epistemology 
is maintained, but the ‘out there’ that they 
are exploring shifts from a computational 
object to a biological object.  

For some, however, dissatisfaction with 
the ability of classical scientific programs 
designed from the Discoverer epistemology 
has led them to consider an alternative 
attitude toward observation. It has led them 
to shift to an Inventor epistemology, where 
the observer is considered to be inextricably 
linked to the phenomenon being studied. 
Whereas, the Discoverer seeks to keep an 
objective distance between the scientist-
observer and the phenomenon of study, 
the Inventor seeks to immerse herself in 
the phenomenon. Whereas the Discoverer 
is skeptical about naturalistic forms of 
observation, the Inventor is skeptical of 
controlled, laboratory experiments. 

The Inventors fear that essential 
properties may be lost when a phenomenon 
is reduced to fit the constraints of the 
laboratory. They fear that when scientists 
create objective distance, they are losing sight 
of essential properties of the phenomenon. 

Where the Discoverer seeks to explore the 
phenomenon from the outside, the Inventor 
believes that there are essential properties 
that only can be discovered from the inside. 
Thus, for some, the Discoverer epistemology 
is unsatisfying, at least with respect to the 
development of a science of Mind. Rather 
than treating the Mind as an external object, 
they have begun to think about Mind as a 
dynamic process and to think of themselves 
as participants in this process.

One solution to this dissatisfaction 
can be the adoption of a dualistic view of 
epistemology, with a Discoverer epistemology 
being applied to the phenomenon of Matter 
(where it has been clearly successful), but 
an Inventor epistemology being applied to 
the phenomenon of Mind. This of course, 
adds to the gulf between the ‘hard’ sciences 
and the ‘soft’ sciences, since they now are 
dealing with distinct realities AND applying 
different epistemologies. The result is not 
only two different kinds of reality, but also 
two different kinds of science. 

An alternative solution is to adopt 
an Idealistic ontology. If you begin with 
the assumption that knowing requires 
intimate interaction of the observer 
with a phenomenon (i.e., the Inventor’s 
epistemology), then pragmatically speaking 
there is little value in postulating a world of 
Matter that lies outside of your capacity to 
know it. Thus, the Pragmatist position is that 
we might as well confine our ontology to the 
things that can be known, at least as far as 
Science goes.  

For example, phenomenology 
embraces an Inventor’s attitude towards 
the phenomenon of Mind. Thus, the 
phenomenologist immerses herself into the 
mental and emotional aspects of human 
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experience and shifts attention from 
‘objective’ measures grounded in behavior 
to examine more ‘subjective’ measures 
including think aloud protocols and other 
expressions of human creativity, such as art 
and music, that reflect both thoughts and 
feelings. 

It is probably not that surprising to 
you that those interested in Mind (i.e., the 
softer sciences) might consider an Inventor 
alternative to the objective Discoverer 
epistemology that has been so successful 
for the physical sciences. But an important 
motivation for the Inventor epistemology is 
coming from research in Quantum physics. 
It is true that the Discoverer attitude has 
been incredibly successful for learning 
about important properties of matter. 
However, there are aspects of the physical 
world, where this perspective can lead to 
puzzling contradictions. John Wheeler’s 
Surprise Version of the 20 Questions game 
in the following cartoon illustrates the 
epistemological implications of observations 
at the Quantum level. 

In the Surprise Version, the people in 
the room each independently choose their 
own words with the constraint that once 
the game begins, the word that they have 
in mind must not contradict any previous 
answers to questions. This may require 
them to change their word over the course 
of the game, creating a moving target that 
is shaped, in part, by the questions asked. 
Wheeler concludes his story that “In the real 
world of quantum physics, no elementary 
phenomenon is a phenomenon until it is an 
observed phenomenon. In the surprise version 
of the game no word is a word until that 
word is promoted to reality by the choice of 
questions asked and answers given. ‘Cloud’ 

sitting there waiting to be found as we 
entered the room? Pure delusion!”

The lesson of the Surprise Version 
of 20 Questions is particularly relevant to 
exploring human experience. Just as at the 
quantum level, the actions of the observer 
(i.e., scientist) can be a significant source of 
variance. This impact is typically referred 
to as the demand characteristics. These 
demand characteristics (e.g., the awareness 
of participants that they are being observed) 
can be important factors in shaping the 
experience (i.e., performance) that results. 

Also, it is important to realize that 
human actions (e.g., innovative technologies) 
are shaping the opportunities for experience 
more globally. For example, new forms of 
travel and communication greatly extend 
our abilities to explore the world and to 
collaborate with people in distant locations. 
Cell phones have dramatically changed how 
people coordinate social activities – “Just call 
me when you get out of class and I will let 
you know where I am, so that we can meet.” 
Thus, we should not think about human 
experience as an “object” that exists “out 
there” independent from the experience of 
the scientist or designer. To a large extent, 
the world that we live in is a world that 
we are creating. We shape the world, and are 
simultaneously shaped by that world.

At this point, you might ask yourself, 
which of the two groups that Foerster 
described do you belong to? Are you a 
Discoverer? Or are you an Inventor? Are 
you a Discoverer, who bets on the classical 
scientific methods designed to create an 
objective distance between observer and 
phenomenon? Or are you an Inventor who 
prefers to become immersed intimately into 
the phenomenon? Is there an alternative? 
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Just as the two circles in Figure 1.1 set up a 
dialectic presumption that a phenomenon 
had to belong to one of two realities, either 
Mind OR Matter, but not both, Foerester’s 
observation sets up a dialectic presumption 
that one of two epistemological positions, 
Discoverer OR Inventor, must be chosen. Just 
as the Radical Empiricist ontological position 
suggests that a single reality may be both 
Mind AND Matter, a Pluralist Epistemology 
suggests that it is not necessary to stand 
either outside apart from the phenomenon 
(as the Discoverer) OR inside as part of the 
phenomenon (as the Inventor). 

Consider the possibility of observing 
from multiple perspectives. Consider the 
possibility that neither perspective offers a 
privileged or complete view of reality, but 
that each perspective allows valid insights 
into the phenomenon that are not possible 
from the other. Consider the possibility that 
complete understanding requires multiple 
perspectives – it requires that you take the 
attitude of the Discoverer AND the Inventor. 

Perhaps, a Pluralistic Epistemology 
is essential for bridging the gulf that 
separates science from application, and that 

separates research from design. On one 
hand, innovation depends on the ability of 
Discoverers to appreciate the hypotheses 
generated by the Inventors through 
naturalistic observations and iterative design 
and also to appreciate that the success 
or failure of a design can be a valid and 
important test of the hypotheses that guided 
it. On the other hand, innovation depends 
on the ability of Inventors to appreciate 
the value of controlled laboratory tests to 
help partition the complexity of natural 
phenomenon and to provide the objective 
distance needed to protect us from potential 
bias due to infatuation with our own 
creations. 

Consider the possibility that the 
epistemological positions of Inventors and 
Discoverers are complements that, when 
joined in a collaboration of mutual trust and 
respect, can be far more powerful than the 
sum of their independent contributions. In 
other words, consider the possibility that not 
only does science contribute to application, 
but application also is an important 
component of science. Would both science 
and design be better if scientists were more 

Pete Seeger
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open to a design perspective and designers 
were more open to a scientific perspective?

Note that this chapter and the first 
began with an exclusionary dialectical form 
of argument based on EITHER/OR contrasts 
and ended with an inclusional or integrative 
form of argument based on BOTH/AND 
integrations. It is easy to get trapped in 
EITHER/OR arguments that circle endlessly 
around the same trees without resolution, 
especially when interacting across disciplines. 
In fact, academic institutions are typically 
organized around exclusional arguments. 

Exclusional arguments essentially start 
with two sides with the assumption that one 
is right and the other is wrong. In principle, 
these arguments are different than rhetoric, 
in that the goal is not to win the argument 
but to find the ‘truth’ – in essence to eliminate 
the ‘false hypothesis.’ However, in practice 
winning the argument often becomes more 
important than collaborating to create a more 
satisfying understanding of nature. 

A consequence of the exclusional 
approach tends to be reduction of phenomena 
to fit into controlled experiments (in essence 
arguments), where it becomes plausible to 

eliminate the ‘false’ hypotheses. This also 
leads to increasing differentiation around the 
reduced phenomenon and the specialized 
experimental methods. In this context, 
there can be an emphasis on experimental 
paradigms (e.g., Sternberg Task), rather 
than on exploring natural phenomenon. For 
example, there is the classic story of the 
cognitive psychologist who was asked what 
he studied and he responded, “reaction 
time.” To which his colleague ironically 
responded, “Oh, I study percent correct.” 
In essence the phenomenon of cognition 
was being trivialized to the level of a single 
dependent measure. There is a growing sense 
that the experimental paradigms become 
the phenomenon of interest. The goal is 
experimental control, but the result may be 
trivialization of the phenomenon.

Thus, rather than the convergence 
that James envisioned for science, we see 
an increasing divergence into a collection 
of highly specialized little sciences or 
paradigms. Students tend to be forced 
to choose a discipline early and there is 
typically little room for electives that allow 
for the students to explore perspectives 
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outside their specializations. Universities 
put students into boxes, and provide little 
opportunity for them to learn the languages 
of other boxes or to appreciate the value of 
other disciplines. 

Perhaps, the most tragic consequence 
of a world based on dialectical forms of 
argument, however, is the Schizophrenia 
that Pirsig described in Zen and the Art 
of Motorcycle Maintenance and Lila. The 
dialectic form dismisses aesthetics, morals, 
and values as ‘biases.’ Today, even many 
scientists who choose an Inventor stance 
and who choose to immerse themselves in 
the phenomenon of interest, feel compelled 
to leave their opinions about quality (e.g., 
beauty or goodness) on the shelf. These 
opinions are considered to be ‘unscientific.’ 
Universities take responsibility to teach 
students the ‘facts,’ but leave the students 
to their own devices to deal with issues 
of aesthetics and morals. Challenges like 
Don Norman’s claim that beautiful things 
work better4, become difficult for ‘science’ 
to consider. Science as framed dialectically 
only deals with the substance of ‘things.’ It 

has little to say about their beauty or their 
goodness. 

The biologist, Alan Rayner5, has 
suggested an alternative to the exclusional 
form of argument. He suggests that we might 
consider reframing some of the arguments in 
BOTH/AND terms. This shift in frame can 
often lead to satisfactory resolutions to many 
of the arguments that divide disciplines and 
that keep us from productive collaborations. 
Instead of standing on the faces of other 
disciplines, perhaps we could see farther 
if we stood on their shoulders. More 
importantly, Rayner’s hypothesis (or more 
accurately his hope) is that the Inclusional 
framework will help us to explore ‘quality’ 
(e.g., goodness) as a valid part of the real 
world, rather than it being isolated apart 
from the world as insubstantial (i.e., not real). 
Can ‘meaning’ be addressed by cognitive 
science without considering the aesthetic and 
moral qualities of human experience? Can a 
scientist who denies his own aesthetic and 
moral values fully explore the complexities 
of Mind and Matter in order to help create a 
world that Matters – a world that is beautiful 
and that works better!
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NOTES
1  ‘Demand characteristics’ is academic jargon for 

the impact that the act of observing or being 
observed has on the patterns of behavior that 
are exhibited in the experiment. Minimizing 
demand characteristics is considered to be 
essential for an objective scientific stance 
toward the phenomenon.

2  Watson, J. B. (1913). Psychology as the 
Behaviorist Views it. Psychological Review, 
20, 158-177.

3  Tolman, E.C. (1948). Cognitive maps in rats and 
men. Psychological Review, 55, 189-208.

4  Norman, D. (2004). Emotional design: Why we 
love (or hate) everyday things.  New York: 
Basic Books.

5  Rayner, A. (2006). Inclusional nature: Bringing 
life and love to science. http://people.bath.
ac.uk/bssadmr/inclusionality/ 
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Chapter 3CHAPTER 
Can’t You Read the Signs?

The French movie “The Diving Bell and 
the Butterfly”1 describes the experiences 
of the writer Jean-Dominique Bauby with 
Locked-in Syndrome that resulted from 
a stroke. Locked-in Syndrome refers to 
a condition where a person has normal 
mental functioning, but has limited or no 
means to communicate due to impairment 
of motor systems (e.g., as a result of stroke, 
degenerative muscle diseases like ALS, or 
damage to the spinal cord). The movie 
depicts how Bauby was able to learn to 
communicate with his therapist using only 
eye blinks. In fact, they laboriously write 

the book that the movie is based on via this 
method. 

Imagine the frustration of having a 
mind full of ideas and feelings, but having 
severely limited capacity for acting (e.g., a 
single switch) in response to those feelings 
(e.g., not being able to scratch your nose 
when it itches) or limited capacity for 
communicating with the people around you 
(e.g., not being able to share your feelings 
with a friend or to ask for help). Imagine 
the frustration of Bauby’s therapist trying to 
figure out what the blinks mean. For Bauby 
and others with Locked-In Syndrome there 
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is only a narrow communication channel 
connecting their mental life with the material 
and social ecology surrounding them. This 
extreme condition highlights the problem 
of connecting internal ‘mental’ experiences 
(e.g., a belief, an intention, or a feeling) with 
an external physical and social ecology.  

In some sense, this is the inverse of the 
epistemological problem – it is not how a 
mind can know the world, but how can a 
mind make itself known to the world. Designers 
of information technologies (including the 
inventors of languages and alphabets) face 

a similar problem, how do they express 
the capabilities associated with these 
technologies so that they are compatible 
with the demands of the material and social 
ecologies that they inhabit – or in other 
words, so that the functions that the designer 
intended for the technology can be realized. 
For example, how can they let the ‘user’ 
know what the symbols express, or when the 
technology needs its nose scratched, or how 
can the motorcycle rider diagnose problems 
with his bike, or how can the characters in 
the opening cartoon know what the big red 
button ‘means.’ 

Semiotics: A Dyadic System

This is the problem of ‘signs.’ What do the 
blinks mean? What do the tracks on the trail 
mean? This problem has been formalized as 
the field of semiotics2. It is commonly defined 
as the science of signs. It is historically a 
precursor to the field of linguistics, which 
focuses more specifically on languages that 
were the particular interest of Ferdinand 
de Saussure3. Formal languages often 
have alphabets or symbol systems that are 

somewhat arbitrary with regards to any 
particular meaning (e.g., the connection 
between the letters d-o-g and a specific 
animal). 

Thus, Saussure framed the semiotic 
system in terms of a dyad between the 
signifier (the symbols or in Bauby’s 
case the blinks) and the signified (which 
could be either Bauby’s or the therapist’s 
interpretation of what it means, but not 
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both simultaneously). For Saussure, the 
semiotic problem is primarily a problem 
of interpretation. How does a Mind infer 
the meaning of a sign or how does a Mind 
assign meaning to a sign? Or how does 
a society choose an alphabet, a language, 
or a grammar? When reference is made 
to the ‘meaning’ of a sign in Saussure’s 
semiotic system, one is talking about the 
‘interpretation’ in the mind of a single specific 
observer (e.g., either Bauby’s intention or the 
therapist’s interpretation). 

In Saussure’s dyadic system, whether a 
sign is meaningful or not depends exclusively 
on the interpretation of the person reading 
the sign. For example, the fresh tracks of a 
predatory animal are meaningful only if a 
person knows how to read them. Regardless 
of any relation to real danger due to the 
presence of a threat, if the person doesn’t 
know how to read them, then they are 
meaningless. Similarly, in the dyadic semiotic 
system, words that are full of meaning to 
a native speaker of French may be totally 
meaningless to a native speaker of English. 
Again, in the dyadic system meaning exists 
(or not) only in the ‘mind’ of the observer.

Saussure’s system provided the foundations 
for the field of linguistics, which in turn, 
had a strong impact on the development of 
cognitive science. Particularly, influential 
was the debate between B.F. Skinner and 
Noam Chomsky about the acquisition of 
language. For Skinner4 learning languages 
was similar to pigeons learning to press 
buttons in a Skinner box. Behaviors that are 
reinforced (e.g., the attention from mother 
following the sound ‘ma’) will increase in 
probability. Further, the behaviors can be 
shaped through selective reinforcement to 
become associated with particular stimulus 
conditions (e.g., ‘ma’ becomes selectively 
associated with the presence of mother). 

However, Chomsky’s5 arguments, 
supported by observations of language 
development, took similar lines to Tolman’s6 

observations about maze learning in rats. 
Chomsky argued that children were not 
simply learning behaviors, but they were 
actually learning  to apply rules. They were 
learning about the ‘structure’ of language 
and this learning became evident, when they 
generalized across situations. For example, 
early in the development process children 
will often be observed to ‘over regularize.’ 
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They might say something like “ The gooses 
goed south for the winter.” This pattern 
suggests that the child is creatively applying 
rules (i.e., add ‘s’ to create plural, add ‘ed’ 
for past tense), rather than simply repeating 
behaviors that have been reinforced. In a 
similar way, Tolman’s rats chose new paths, 
when the normal route to the goal box was 
blocked, based on what they had learned 
about the layout (i.e., structure or pattern) of 
the maze.

As a result of developments in 
linguistics and in part due to the influence 
of Chomsky’s arguments, cognitive science 
has largely been framed in terms of a 
dyadic, symbol processing system. In this 
frame, the fundamental challenge has been 
to understand how ‘meaning’ is constructed 
through brain processes to interpret arbitrary 
signs. Extensive bodies of research on 
perceptual illusions and decision biases have 
tended to reinforce the notion that the signs, 
which are the inputs to this information 
processing system, are at least somewhat 
arbitrary with respect to an external ecology 
(just like formal alphabets or symbol 
systems). Thus, Richard Gregory and others 

have framed problems of perception and 
cognition in terms of information processes 
to actively construct ‘meaning’ from 
impoverished cues (signs) at the sensory 
surface (e.g., a 2D image on the retina). In 
this paradigm, the problem of cognition 
starts with the input of a stimulus (sign) and 
ends with a response that is, in effect, an 
interpretation of that sign (e.g., an inference 
about 3D space). In this dyadic approach to 
cognition all the action happens ‘inside the 
head’ between sensory stimulus and mental 
interpretation (e.g., to construct a 3D mental 
model from the 2D retinal cues).

This dyadic frame has also shaped 
how human factors engineers and designers 
approach interface design. The interface 
design problem has been conventionally 
framed as an ‘interpretation’ process and 
the focus of attention has been to explore the 
relations between the ‘signs’ on the interface 
(e.g., the knobs and dials, and graphical 
icons) and the ‘internal models’ in the heads 
of the intended users. Thus, we have the 
field of Human Computer Interaction (HCI) 
where research programs are organized 
around properties of the interfaces (e.g., 

Harry Heft7
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alphanumeric representation vs. graphical 
representations; or integral vs. separable 
graphical forms; the appropriate uses 
for color, etc.) relative to the information 
processing capacity of humans (e.g., 
analytical vs. spatial reasoning; serial vs. 
parallel processing; color sensitivity). 

The general prescription for design that 
has resulted from the HCI research program 
is to design the interface to match the ‘mental 
models’ of your intended user population. In 
other words, use the interface to translate 
your design intentions into a language 
that your customers understand. This is 
commonly summarized in the dictum “Know 

thy user.” This is generally good advice, but 
beware there may be a catch! For example, 
Henry Ford is reported to have observed that 
before the car, few would have asked for it 
or appreciated the value of it, rather they 
would have asked for better horses. Similarly, 
the smart phone was not built to satisfy the 
‘internal models’ of users. Who would have 
imagined the need for a phone that takes 
pictures? Or who would have imagined that 
people would prefer ‘texting’ to talking? 
However, it is clear that the expectations and 
behaviors of users have been shaped by the 
new possibilities that smart phones offer.

Semiotics: A Triadic System

At the same time that Saussure was laying 
the foundations for linguistics, Charles 
Sanders Peirce8 was also wrestling with the 
semiotic problem. However, Peirce framed 
the problem differently. Peirce is considered 

to be the father of Pragmatism. He was 
primarily interested in the ‘fixation of belief’ 
or how it was that our beliefs about the 
world could lead to productive interactions 
with the world. Thus, in the context of Bauby, 
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Peirce would not be simply interested in 
Bauby’s interpretation OR in the therapist’s 
interpretation of the blink. He would be 
interested in how well the therapist’s 
interpretation matched with Bauby’s 
intention. 

In the example of the predator’s tracks, 
Peirce was interested in both the relation of 
the tracks to the state of the situation (Is it 
safe?) and the relation of the tracks to the 
beliefs of the human observers (I am safe 
or not). Thus, for Peirce, there were two 
relations relevant to meaning processing. 
On one hand, there is the grounding of the 
sign with respect to the source (e.g., the state 
of the ecology). On the other hand, there is 
the interpretation in the mind of an observer 
(e.g., the situation awareness). In essence, 
Peirce was interested in how it is that our 
beliefs serve the demands for successful 
interactions in everyday life. 

Thus, Peirce framed the semiotic 
problem as a triadic system that included 
the source of the sign (e.g., either Bauby’s 
intention or the presence of a dangerous 
predator), the sign (e.g., the blink or the 

tracks), and the interpretation (e.g., of 
the therapist or the person in the woods). 
Although Peirce was a contemporary of 
James, who James credits with having an 
important influence on his views about 
psychology and philosophy, Peirce’s triadic 
semiotic system had little acknowledged 
influence on the early development of 
psychology or cognitive science. However, 
his work has recently been rediscovered, in 
part motivated by increasing interest in the 
design of autonomous robots. Computer 
scientists working on robots have discovered 
the importance of ‘grounding’ the internal 
logic of the robot (interpretation) in the 
practical realities of the physical ecology 
within which it must function. A robot will 
not function very effectively if it’s ‘beliefs’ 
(i.e., its internal logic) about what different 
spaces afford do not match well with the 
realities that it will experience when moving 
through those spaces. 

Although Peirce was rarely cited as 
the source, there were other psychologists, 
such as Egon Brunswik9, James Gibson10, 
Jacob von Uexküll11, and Ulrich Neisser12 
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who were dissatisfied with the dyadic basis 
for cognitive science. The approach they 
advocated was typically labeled ‘ecological’ 
to reflect the missing component of the 
dyadic symbol processing system – that 
missing component was the relation between 
the ‘sign’ and the functional ecology (or 
umwelt). Two images of a triadic semiotic 
system are shown in Figure 3.1. 

Brunswik’s Lens Model13 anchors the ‘signs’ 
with both the ecology (e.g., this could be 
Bauby’s intention; or the presence of a 
predator) and with the interpreter (e.g., this 
could be Bauby’s therapist; or the person’s 
belief about whether a predator is near). 
The mapping from the ecology to the signs 
reflected the ecological validity and the 
mapping from the signs to the belief reflected 

Signs, Evidence, Cues

Concept, Belief,
JudgementEcology

Objective
Weights

Ecological Validity

Subjective
Weights

Cue Utilization

Brunswik’s Lens Model

Directs

SamplesModifies

Schema Exploration

Object

Neisser’s Perception Cycle model

Figure 3.1 Two images of triadic semiotic systems.
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the interpretation process. The achievement of 
this system (i.e., the accuracy of a judgment 
with respect to the ecology) depends on both 
mappings. This achievement is what Peirce 
was trying to understand, how is it that our 
internal beliefs about the ecology are able 
to support harmonious functional relations 
with that ecology?  How is it that Bauby’s 
therapist can know what Bauby means? 
What do the animal tracks mean with respect 
to whether I am in danger or not? How 
do our beliefs guide us toward satisfying 
experiences?

Neisser’s Perception Cycle14 is another 
example of a triadic semiotic dynamic that 
includes the ecological source (e.g., the 
object) and the mental model (e.g., the 
schema). The unique feature of Neisser’s 
model relative to Brunswik’s model is that 
the ‘sign’ is modeled as a consequence of 
active exploration of the ecology. This reflects 
Gibson’s influence. A fundamental theme 
for Gibson was that perception and action 
are dynamically coupled, so that perception 
both shapes action and is shaped by action. 
Thus, for Gibson, the feet were a critical part 
of the visual perceptual system because they 

allow an animal to move about and explore 
the environment (e.g., walk around and see 
an object from multiple perspectives). 

For example, in the case of Bauby, the 
sign system is a product of an interaction 
between Bauby and the therapist. The 
‘meaning’ of the signs is constructed not in 
either Bauby’s mind or in the therapist’s 
mind, but it is constructed through the 
interactions between Bauby and the therapist. 
In this case, it is constructed through social 
interaction. But meaning is also constructed 
through physical interaction. For example, 
we manipulate and heft an object to find the 
right ‘fit’ so that it can be carried comfortably. 
We explore to find what kind of animal ‘fits’ 
with the tracks on the ground. We play with 
the buttons and triggers on the controller 
to discover their functions in the video 
game. We manipulate a tool like a hammer 
to discover how to grip and swing it to 
accomplish work.

Figure 3.2 contrasts two potential 
images of the cognitive/semiotic system. 
The top image is a strawman image of the 
conventional approach to cognitive systems 
motivated by early work in linguistics and 
supported by communication and computer 
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metaphors. The bottom image provides a 
first look at a triadic image of the cognitive 
system. This image will be revisited 
throughout the book and the labels will vary 
to emphasize different facets of the triadic 
dynamics. 

It can be confusing when comparing 
a dyadic perspective to perception such 
as assumed by Richard Gregory’s15 with 
a triadic perspective such as assumed by 
James Gibson16, because both describe their 
theories as reflecting “active” perception. 
The difference is that when Gregory says 

‘active’ he is referring to mental activities 
to construct an internal image from the 
impoverished cues at the sensory surface. 
Much of the data that is the basis for 
Gregory’s models of perception are based on 
passive observation. 

When Gibson says ‘active’ he is referring 
to active exploration of the environment 
through moving around and manipulating 
objects.  In Gregory’s model, ambiguities in 
the sign (e.g., on a two-dimensional retina) 
with respect to the source (e.g., a three-
dimensional world) are resolved through 
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Figure 3.2 Two contrasting images of the cognitive (or semiotic) system.
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logical inference. In Gibson’s models, these 
ambiguities are resolved through acting 
to create more specific information (e.g., 
moving to create invariant structures in a 
flowing optical array). 

There is also a big gulf between Gregory 
and Gibson in terms of the assumptions 
about the nature of information and meaning.  
From the more conventional perspective 
represented by Gregory, Gibson’s claims 
that the meanings or affordances of the 
environment can be ‘directly’ seen seem 
quite radical, if not nonsensical - particularly, 
in light of the huge body of literature on 
perceptual illusions that show that people are 
not good at making judgments about ‘space’ 
(at least in terms of how space is construed 
by Gregory and others). It seems obvious 
from Gregory’s perspective that people 
must add something to the impoverished 
data available to the senses in order to ‘infer’ 
the ‘true’ state of the world; and that these 

inferences are a necessary prerequisite for 
successful action in the world.

Wolfgang Langewiesche, author of an 
insightful account of the art of flying (Stick 
and Rudder17) provides an example that 
clearly illustrates the difference between 
Gregory’s and Gibson’s views, and that 
might make Gibson’s view far more plausible. 
Langewiesche (1944) contrasts how a pilot 
and a passenger might specify the location of 
an airport that appears in the distance:

The passenger might say, “The airport is 
about 3,000 feet below us but still many 
miles away.” The pilot, in his own mind 
will say the same thing differently, “The 
field now lies 5 degrees under the horizon.” 
Later the passenger might say, “The height 
is the same, but the field is much nearer.” 
The pilot will say, “The airport now lies 30 
degrees under the horizon.” He means that 
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Figure 3.3 The optical constraints associated with angular perspective map directly to the functional 
constraints associated with glide angle, so that there is an invariant relation independent of 
height and distance.
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it lies more steeply under the airplane than 
it did before (p. 271).

The passenger is using a rectangular 
coordinate system (height, distance). The 
pilot is using an angular coordinate system 
(degrees relative to the horizon). From the 
point of view of geometry, both coordinate 
systems are valid and it is not problematic 
to transform from one to the other (i.e., no 
information is lost). However, is there a sense 
in which one of these coordinate systems is 
smarter than the other with regards to the 
semiotic problem of aligning the beliefs with 
the reality of experience? Langewiesche 
(1944) explains why the pilot’s choice of 
coordinates is smarter than the passenger’s 
choice:

Both statements, the passenger’s and 
the pilot’s, express the same thing. But 
here is one difference: the passenger is 
only guessing. How does he know the 
distance, and the height? But the pilot is 
not guessing; although he doesn’t know 
distance and height either, he does know 
that the field under him lies at that angle; 
he could even prove it, right from where 
he sits, by measuring the angle with some 

suitable instrument, such as a sextant. (p. 
271).

So, one reason that the angular coordinate 
system is smarter is that the angle is well 
specified locally as illustrated in Figure 
3.3, but the height and distances are not 
well specified. However, there is another, 
much more important difference that makes 
the angular coordinate system smarter. 
Langewiesche continues:

And here is another difference: The 
passenger’s statement is useless; the pilot’s 
statement is useful; it is angle, rather than 
actual height and distance, that matters. 
Here is why.

In a given ship, of given gliding angle, it 
is always the same point on the ground 
you can reach in a glide, regardless of your 
altitude; the same point, that is, in terms of 
angle-under-the-horizon. Say your ship’s 
gliding angle is 1:5; this means you can 
in a glide always reach any point that lies 
10 degrees under your horizon, or steeper. 
This statement (true only in still air) must 
be thoroughly understood. (p. 271 - 272)



40

And if you have understood what has been 
explained concerning angular vision, you 
will also understand this: How far the glide 
line lies below your horizon is entirely 
independent of your height; at any height, 
the glide line is the same distance (angular 
distance, in terms of degrees) below your 
horizon. As your height changes in the 
glide, both the horizon and the glide lines 
will be at different points on the terrain 
below you; but the horizon will always 
be at the same height as your eye; and 
the glide line will be the same number of 
degrees below the horizon; and the relation 
of horizon and glide line will not change. 
(p. 273)

This second difference, the degree of 
specificity with respect to functional 
distinctions (whether the field is reachable in 
a glide) is what makes the angular coordinate 
systems so much smarter than a rectangular 
system. The invariant mapping between 
angular position relative to the horizon and 
functional consequences (i.e., reachability in 
a glide) is exactly what Gibson18 meant by 
optical invariant and direct specification of 
affordances. Much of the classical research 
on ‘space’ perception assumes the traditional 
rectangular coordinates for judging space, 
with little consideration of whether that is a 
good representation relative to the functional 
problems associated with coordinating 
action with the world. From the dyadic 
perspective this is a perfectly reasonable 
place to start, since it is generalizing from 
written or spoken language where the signs 
tend to be arbitrary. 

As Langewiesche describes, neither 
the pilot nor passenger are good at judging 
position with regard to the rectangular 

coordinates.  However, the pilot, attuned to 
the angular coordinate system is able to see 
whether an airport on the ground is reachable. 
However, the passenger using a rectangular 
coordinate system must somehow compute 
reachability since there is no meaningful 
one-to-one mapping with any landmark (like 
the horizon) in his coordinate system. This 
computation process is further complicated 
by the fact that the observables or inputs 
(height and distance) are poorly specified. 
So, the passenger must compute the solution 
using noisy data. 

Thus, consider the possibility that 
the real ambiguities that people experience 
as participants in classical experiments 
on ‘space’ perception are not the result 
of fundamental limits on the information 
available, but rather they reflect the fact that 
the problems are posed using representations 
that do not match the typical demands of 
experience. The ‘illusions’ result from the 
fact that the experimental tasks are designed 
using an arbitrary, extrinsic coordinate 
system that has little ‘meaning’ relative to 
the functional ecology of the participant. 
Consider the possibility that the data from 
these experiments on spatial illusions are 
a reflection of the assumptions guiding the 
design of tasks and choice of stimuli, rather 
than any fundamental limitations of human 
ability. 

There is a growing body of evidence 
that many of the illusions found in classical 
experiments disappear when the tasks are 
reframed in action terms. For example, when 
participants are asked to grasp an object that 
is a component of a Müller-Lyer form or 
similar size illusion (Figure 3.4), the grasp 
does not reflect the same apparent biases that 
are found when participants make passive 
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judgments of the sizes19. Note that the 
judgments about the appearances of the size 
do not change – the objects still appear to 
be different sizes. However, the appearance 
has little impact on performance of the 
grasping task. Thus, the appearance seems to 
be an epiphenomenon, at least with respect 
to understanding the functional quality of 
experience. Similarly, when participants 
are asked to walk to a visually specified 
position on the ground with their eyes closed 
(blind walking paradigm) – the errors seen 
in passively judging ‘depth’ are no longer 
evident20.

The implications of an ecological 
approach for design are that the focus is 

not simply on seeing the Red button, but 
on understanding the relation between the 
button and its function. That is, it becomes 
necessary to not only consider the relation 
between the observer and the button (i.e., the 
sign), but it becomes necessary to consider 
the relation between the button and the 
opportunities and consequences that it 
affords. The challenge for Ecological Interface 
Design (EID)21 is not to simply ensure that 
the user sees the button, but to insure that 
the user sees its function. The challenge in 
designing an ecological interface is in essence 
to find the right coordinate system for 
specifying the affordances. In other words, 
the challenge is to design a representation 

Figure 3.4 When asked to adjust their fingers to pick up the ‘coin’ in the centers of these figures using the 
thumb and index finger, the biases that are typical of size judgment do not appear. 
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so that the possibilities and consequences of 
action are well specified (so that the user can 
see what functions are ‘reachable’). 

Here is the catch with respect to more 
traditional HCI approaches. For a complex 
control task like operating a nuclear power 
plant, the operator’s mental model may 
only be partially correct. For example, 
assumptions or procedures that are valid 
during normal operations may not be valid 
during an accident. Thus, an interface 
designed to match that operator’s model 
may very well reinforce partial or incorrect 
assumptions about the process. The ultimate 

goal of EID is not simply to match the 
operator’s model, but to shape that model 
to be aligned with the most valid models 
of the processes that are being controlled 
(e.g., models based on scientifically 
validated analyses of the process that reflect 
fundamental constraints). 

The goal is to help people to better 
understand the processes that they are 
controlling so that people not only do the 
right action, but also so that they are aware 
of why an action fits the demands of the 
problem situations. The goal is to shape or 
bias the operator toward beliefs that lead 

Citation from Warren McCulloch (1954)22
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to successful actions. We purposely use the 
term ‘bias’ here to suggest that we are not 
dealing with absolute truths but pragmatic 
truths. We are interested in shaping beliefs 
so that the actions based on those beliefs 

will lead to satisfying experiences (e.g., 
the beliefs of the pilot will lead to safe and 
successful performance across a wide range 
of situations).
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Chapter 4 CHAPTER  
What Matters?

Figuring out what matters is not easy! And 
arguments can be incredibly unproductive 
because people are speaking based on 
different ontological assumptions, different 
epistemological attitudes (discoverers vs. 
inventors), and different models of the 
semiotic system. Figures 4.1 – 4.3 provide 
a collection of images using block diagram 
conventions that catalogue some of the 
many ways that people have parsed human 
experience. 

Figure 4.1 shows four images that 
suggest open-loop (billiard ball) models of 
causality. The top most image represents 
a classical psychophysical approach as 
reflected in the work of researchers such 
as Helmholtz, Weber, and Fechner. These 
researchers began by examining structure 
in the physical world (e.g., properties of 
light, the size and weight of objects) and 
then tried to infer elemental properties of the 
mind from relationships to the sensations/
responses associated with variation of the 
physical properties. 

Although the work of Helmholtz, Weber, 
and Fechner predated, and in part inspired, 
the experimental work of Wundt, historians 
typically mark the beginning of the science 
of psychology with the establishment of 
Wundt’s laboratory in Leipzig. The second 
image reflects the subtle change that might 
be the motivation for making this distinction. 
For the psychophysicists, the stimulus was 
physical (i.e., properties of matter). However, 
inspired by the philosophy of Hume and 
others, there was a shift of attention from the 
physical stimulus to the basic elements of the 
mental chemistry of association. 

Introspection, in which people 
described their experiences, became the 
primary methodology. However, it was a very 
special kind of introspection in which the 
participants had to be trained to focus on the 
internal sensations rather than on the external 
sources of those sensations. This is reflected 
in Titchener’s construct of stimulus error. For 
example, a stimulus error was made if a 
person described one object as heavier than 
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another, rather than describing the differences 
in the cutaneous and kinesthetic sensations 
that resulted from contact with the objects. For 
Titchener, the stimuli were NOT the objects in 
the world, but the patterns of sensations that 
were experienced. 

As a result of the empirical/
associationist philosophy, experimental 

psychology could make a clean break from 
the physical sciences to focus on mental 
chemistry in which both stimuli and 
responses were clearly properties of mind. 
This was also reflected in Ebbinghaus’s choice 
of nonsense syllables for studying memory. 
Ebbinghaus invented nonsense syllables to 
minimize confounding associations with 
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Figure 4.1 Four open-loop, causal models of mind. All four models maintain a clear distinction between 
mind and matter, and, with the exception of the first model, they tend to treat the physical 
aspects of matter as extrinsic or irrelevant to the dynamics of ‘mental chemistry.’



47

the world outside the laboratory in order to 
better isolate the internal dynamics of mental 
chemistry. Thus, the experimental efforts that 
are typically identified as the beginnings of 
scientific psychology were explicitly designed 
to treat mind as a purely mental phenomenon 
with very little regard for a grounding in the 
external physical world of matter. As a result, 
scientific psychology has tended to assume 
Descartes’ dualist ontology that separates 
the reality of mind from the reality of matter. 
In fact, the dual nature of mind and matter 
provided a strong justification for a science 
of mind (i.e., psychology) distinct from the 
other ‘physical’ sciences. 

Note that it seems clear that neither 
Wundt nor Ebbinghaus dismissed the full 
complexities of human experience. However, 
in order to establish an experimental science 
of mind, they made the strategic choice 
to isolate the mental as much as possible 
from the physical context. For experimental 
purposes, they defined the mind as a separate 
‘system’ to be examined independently from 
the ‘confounding’ influences of the physical 
context. James referred to this as “brass 
instrument” psychology, and he was very 
skeptical that this approach would ‘add-
up’ to a fuller understanding of human 
experience (and there is reason to believe 
that Wundt was also quite skeptical about 
whether the experimental laboratory could 
do complete justice to the full scope of human 
experience). Despite James’ reservations, 
however, most psychologists celebrated and 
endorsed the strategic choices of Wundt and 
Ebbinghaus. Thus, today they are widely 
acknowledged as the fathers of experimental 
psychology.

The third diagram in Figure 4.1 
represents the shift to behaviorism. Watson 

recognized the difficulties with the construct 
of stimulus error, which depended on the 
authority of individuals like Titchener to 
decide what constituted a valid introspection.  
In an attempt to establish a more objective, 
empirical basis for experimental psychology, 
the behaviorists closed the box on the mind 
to focus on ‘objective’ properties of behavior. 
Note, however, that the stimulus remained 
a property of mind, since the nature of a 
stimulus (e.g., whether it was reinforcement 
or punishment) was determined based solely 
on the impact on behavior (e.g., whether the 
associated behaviors increased or decreased 
in frequency). 

Although the behaviorists shifted 
attention from introspection to behavior and 
although they strongly endorsed the objective 
methodologies of the experimental physical 
sciences, they maintained a clear distinction 
between the content of psychology and the 
content of the physical sciences. Thus, the 
gap between mind and matter remained.
The fourth diagram in Figure 4.1 represents 
the shift from behaviorism to an information 
processing view of cognition. This view was 
inspired by metaphors from communications 
systems and linguistics. Saussure’s dyadic 
semiotic system was instrumental, as 
were developments in the mathematics of 
information theory and the evolution of 
computing machines. 

From the information theory 
perspective, the stimulus was now considered 
to be a ‘symbol’ and the mind was modeled 
as multiple processing stages that operated 
on the symbols and transformed them 
(i.e., recoded them) in order to construct 
meaning and to guide action. Note that 
this model remains true to the associative 
image of ‘mental chemistry’ with stimulus 
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and response defined independently from 
any physical embodiment. With this model, 
cognition was a disembodied problem 
of ‘symbol processing’ or ‘software’ that 
could be studied independently from the 
‘hardware’ upon which it operated.

All four models in Figure 4.1 maintain 
a clear distinction between mind and matter. 
All are based on billiard ball (or domino) 
models of causality. And all, but the original 
model of psychophysics, exclude the 
physical reality of matter as inconsequential 
for a science of mind. With the latter three 
models, Psychology is defined as a science 
pertaining to aspects of nature that exist in 
a reality apart from that of the rest of the 
physical world. This is one reason that there 
has always been a temptation to isolate 
‘humans’ as special or distinctive from the 
rest of the natural world (e.g., due to unique 
reasoning and/or language capabilities).  

At the same time that the mathematics 
of information theory and the first electronic 
computing machines were being engineered, 
there were also significant developments in 
the mathematics of control theory and the 
development of automatic control systems. 
This offered an alternative metaphor for 
psychology – the servomechanism or control 
system. Unlike the models in Figure 4.1 
the servomechanism metaphor challenged 
conventional billiard ball models of causality 
with the first analytical descriptions of 
circular causality, drawing attention to 
emergent properties of the holistic closed-
loop organization (e.g., stability). 

However, although the 
servomechanism metaphor helped to 
legitimize the use of constructs such as 
‘goal,’ ‘purpose,’ or ‘plans’ (that Behaviorists 
considered to be too intangible for an 

objective science), overall the construct of 
circular causality was not fully appreciated 
by most social scientists. This is suggested by 
the top model in Figure 4.2. 

While feedback loops were added to 
close-the-loop in the diagrams, the theory 
and methods of experimental psychology 
continued to focus on the ‘forward-loop’ 
component of the system. The focus tended 
to be on deriving open-loop transfer 
functions for the various stages of processing, 
with the implicit motivation that complete 
models of the components would ‘add-up’ to 
an understanding of the dynamics of the total 
closed-loop system. Thus, typically the ‘mind’ 
was identified with the ‘controller’ element 
that was nested within the larger closed 
loop system. The other elements making 
up the closed-loop system, the ‘goal’ and 
the ‘environment’ were treated as extrinsic 
variables (these would typically reflect the 
independent variables in experiments). Thus, 
the feedback portion of the diagram was 
considered to be an extrinsic constraint on 
the ‘controller’ (i.e., mind).

Some (e.g., Brunswik, Dewey, Gibson, 
James, von Uexküll), however, began to 
realize that stability of the closed-loop 
dynamic depended on tight coordination 
between the ‘agent’ (i.e., controller) and the 
‘environment’ (i.e., the ‘plant’ or ‘ecology’). In 
order to better understand the coordination 
at a more holistic level, it became necessary 
to consider the environment/agent fit. This is 
the significance of the term ‘ecology’ (in the 
second model in Figure 4.2) to emphasize the 
need to consider the environment in relation 
to the action capabilities, the goals (and/or 
needs), and the perceptual attunement of the 
agent. This inspired Gibson to reframe the 
approach to visual ‘information’ in terms of 
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geometric properties of optical flow fields 
that provided specific information relative to 
action (e.g., locomotion) in the ecology (e.g., 
imminence of collision). He also reframed the 
specification of properties of the ecology in 
action relevant terms (i.e., affordances). This 
was a necessary step in order to understand 
the dynamics of the closed-loop system 
where perception and action are intimately 
coupled as a result of feedback.

Another consequence of a move toward 
a more ecological perspective (illustrated 

in the second diagram in Figure 4.2) is that 
the dynamics of circular causality become 
more apparent. Thus, the environment (i.e., 
disturbances) and goals are no longer seen in 
the context of ‘causes,’ but are rather seen as 
‘constraints.’ As constraints, they no longer 
determine behavior, but rather they invite 
or shape behavior. Goals can be viewed as 
either independent variables (e.g., imposed 
by the experimenter) or as dependent 
variables (reflecting internal preferences or 
choices of the agent). 
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and matter.
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The third model in Figure 4.2 further 
emphasizes the circular dynamic and the 
consequential intimate relation between 
agent and ecology. Note that little changes 
relative to the other diagrams in terms of 
the logic of box diagrams. The connections 
between boxes are essentially the same, with 
action affecting the ecology; that in turn, 
impacts perception; that informs cognition, 
which guides action. However, by revising 
the model to give precedence to action, the 
ecology now clearly becomes an intrinsic 
property of the dynamic of experience (i.e., 
it is embedded within the elements typically 
attributed to mind). 

In this context, action is perceived in 
relation to the functional consequences in 
the environment (e.g., affordances), which 
in turn provides meaningful information, so 
that the internal cognitive models can learn 
and adapt as a result of these consequences. 
This provides one way to think about James’ 
monist ontology of Radical Empiricism. That 
is, the dichotomy between mind and matter 
is obliterated and the ‘physical’ and ‘mental’ 
aspects of experience are seen as conjoint 
components of a single reality of experience. 

Figure 4.3 pushes the case for 
integrating mind and matter into a single 
system still further. The top diagram 
suggests that the need for a separate box 
for the ecology is unnecessary. Instead, the 
ecological constraints can be distributed 
across the cognitive functions as in the third 
diagram. In this diagram, each of the boxes 
represents a general information processing 
function that is jointly constrained by 
properties of agent (i.e., mind) and ecology 
(i.e., matter). This new view portrays the 
functionalist perspective (e.g., Peirce, James, 

Dewey, Angel) in which the conceptual 
objects are pure functions that involve 
relations between agent and ecology. The 
final model in Figure 4.3 provides alternative 
terms for these basic functions. This is 
necessary to avoid confusion from the 
classical perspective where the information 
processing functions are viewed as 
components of mind (in the head) without 
reference to the physical context. 

Figure 4.3 suggests an alternative 
way to parse the problem of human 
experience that begins with the explicit 
assumption that the functions of information 
processing are intrinsically relational. For 
example, it assumes that perception can 
only be understood relative to the joint 
constraints of source (i.e., structure in the 
world) and receiver (i.e., structure in the 
head; perspicacity); that action can only be 
understood relative to the joint constraints of 
effectors (e.g., legs) and object (e.g., surfaces 
of support) and that cognition can only be 
understood relative to the joint constraints of 
means (e.g., heuristics, hypotheses) and ends 
(e.g., intentions, consequences). 

The parsing illustrated in the bottom 
of Figure 4.3 also provides a unique bridge 
between experimental psychology and 
applications to design. The three functions 
suggest both the ways that experimentalists 
can query the system (i.e., classes of 
independent variables) and the ways that 
designers can alter the experience dynamic 
through training and design (i.e., ways to 
shape performance). Note that in either 
the case of experimentalists or designers 
the possible manipulations do not ‘cause’ 
behavior, but rather, they shape behavior 
through changing the range of functional 
opportunities or possibilities. Within the 
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circular dynamic, the classical notion 
of ‘cause’ does not make sense. Rather, it 
becomes necessary to think in terms of 
‘constraints.’

Although the diagrams in Figures 
4.1- 4.3 have been presented as a kind of 
historical progression, it is probably true 
that all the various perspectives have their 
proponents among active psychologists 

today. This is one source of confusion within 
the field of psychology1. A common term 
like ‘stimulus’ has a very different meaning 
across the various modeling perspectives. 
For the psychophysicist the stimulus is a 
physical property of an object, for others the 
stimulus might be a sensation, satisfaction of 
a biological need, a symbol, or an error with 
respect to a goal. 

A Second Perspective

One of the difficulties of the block diagram 
format for representing the alternative 
parsing of the problem is the ‘negative 
transfer’ that results from experiences 
with the classical dualistic ontology and its 
parsing of cognition. Most people who have 
been trained in more classical paradigms 
instinctively want to identify some boxes 
with the mind or agent and other boxes 
with the environment. The puzzle pieces in 
the opening plate for this chapter provide 
an alternative form for visualizing the 
differences between a monist approach to 
experience and the conventional dualist 
ontology. 

The left side of the opening picture 
shows the pieces of the puzzle that are 
considered by conventional approaches 
to mind (e.g., Gregory) that are based on a 
dyadic model of the semiotic problem. In fact, 
the focus has been primarily on the middle 
piece (perspicacity – internal logic) with the 
other two pieces (intention – motivation; 
and effectivity – motor control) being of 
relatively peripheral interest, because these 

elements were more closely associated with 
the physical body, rather than the mind. 

One may characterize this approach as 
focusing on how the internal information 
processes (the perspicacity piece) connects 
intention with action (the effectivity piece). 
For this approach, the right side of the 
puzzle is of little interest. This approach has 
assumed a dualistic ontology, separating 
Mind and Matter as different realities. The 
sources of information outside the head are 
typically treated as arbitrary, consistent with 
Saussure’s dyadic model of semiotics. 

Thus, Matter is left to the physical 
sciences and What Matters is left to domain 
experts. For design, the focus of classical 
approaches (i.e., human factors; HCI) has 
been on generalizations to insure that the 
Red button in the earlier cartoon (Chapter 3) 
is easily seen and easily activated. However, 
this approach has little to offer with respect 
to what is on the other side of the button.
The focus exclusively on the elements on 
the left side of the puzzle has been justified 
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with the claim that ‘it is the same head.’ The 
implication is that anything we learn about 
the head/brain, in whatever context, will 
generalize to other contexts. The implication 
is that context doesn’t matter. The implication 
is that the internal mechanisms of information 
processing can be understood as independent 
elements from the ecologies within which 
they have evolved.

Interestingly, modern Ecological 
Psychologists (e.g., Michael Turvey2) have 
also assumed an effectively dualistic 
ontology. However, for them the right 
side of the puzzle matters, because they 
have framed the problem of cognition as a 
closed-loop triadic semiotic system. Thus, in 
addition to exploring what’s inside the head, 
it becomes important to consider the ecology 
that the head is inside of. Thus, the construct 
of affordance was invented by Gibson to 
characterize both the functional opportunities 
(i.e., possibilities) and consequences that an 
ecology offers to an animal. 

Additionally, the information structure 
in the ecology (e.g., in terms of invariants 
or patterns in optical flow fields) becomes 
important as the potential information link 
between mind and matter (e.g., to specify 
what is reachable). So, the Ecological 
approach has a more holistic view of the 
system that includes both Mind and Matter. 
The ecological approach is based on the 
strong assertion that context does matter!
Thus, the key difference between Gregory’s 
and Turvey’s view has to do with the 
semiotic systems. Gregory frames the 
semiotic problem as one of interpreting 
arbitrary signs or impoverished cues. For 
Gregory, meaning exists only in the mind of 
the observer and there is an implication that 
the observer is a passive receiver of stimuli, 

which then are actively processed (i.e., it is 
an open-loop process). 

In contrast Turvey assumes that the 
external world is full of meaning and the 
meanings are well specified to an observer 
who is capable of exploring that world. For 
Turvey perception and action are intimately 
linked in a closed-loop dynamic that allows 
the achievement of a skilled fit between 
situations (matter – the ecology) and 
awareness (mind). 

Despite the differences between 
Gregory and Turvey with respect to the 
semiotics, they share an essentially dualistic 
ontology. This can be a problem and a 
potential source of many contradictions for 
exploring problems associated with What 
Matters. In both cases, there remains the 
ultimate problem of two realities – one real 
world that exists out there independently 
from the observer and another different real 
world in the mind of the observer. 

Although the gap between mind and matter 
is much bigger in Gregory’s approach, 
there remains a gap for Turvey to cross. In 
particular, there have been endless debates 
about the construct of Affordance. Where 
does it fit into the puzzle? Is an affordance 
a property of the ecology (matter)? Or is 
an affordance a property of mind? Peter 
Hancock once posed the question: “if the 
hand is in Ohio and the cup is in China 
does it afford grasping?” Another, problem 
that some have is with the relation between 
affordances and information. If the cup is on 
the table within arms reach, but the lights 
are out and it can’t be seen, does it afford 
reaching and/or grasping? Thus, there is 
another dualistic dilemma. What reality does 
affordance belong to? 
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An answer to this dilemma is represented as 
the central portion of the opening plate. This 
represents a unified ontology of experience 
where each of the fundamental elements is 
a joint function of Mind and Matter. Thus, 
the element of Satisfying is the coupling 
of intentions and values (Mind) with 
consequences (Matter). This element helps 
to answer questions about ‘why’ an agent 
is attracted to some things and repelled 
by others. This addresses the values that 
motivate and direct action.

The element Specifying is the coupling 
or attunement between the ‘objective’ 
information (e.g., geometric structure 
of optical flow field) (Matter) and the 
‘subjective’ interpretation (e.g., whether a 
field will be reachable in a glide) (Mind). This 
element is associated with what an agent can 
‘see’ or ‘know’ about the state of experience. 
It provides the ‘feedback’ that can potentially 
guide the agent to act in ways that might 
be satisfying. Constraints associated 
with specifying play an important role in 
determining the experience of awareness.

The element Affording is the coupling of 
motor effectivities (e.g., an opposable thumb 

- agent-based) and the opportunities in the 
ecology (e.g. the size of the cup - object-
based). The affording element provides the 
means for changing state and, thus sets the 
constraints on what states can be reached. 
Thus, the constraints associated with 
affording help to determine the nature of the 
situation. 

Note that controlled action is a 
function of all three components – a 
direction (satisfying), a means for moving 
(affording), and feedback to discriminate 
whether motions are in the right direction 

(specifying). The ability to consistently 
achieve satisfactory outcomes based on 
accurate assessment of the situation is what 
pilots mean when they say that a person has 
‘good situation awareness.’

Thus, an answer to Peter Hancock’s 
question is that the cup in China affords 
grasping, but it does not afford reaching, and 
the information to specify the grasp-ability is 
not available to the person in Ohio. So, the 
possibility of grasping exists, but it cannot 
be realized due to situation and awareness 
constraints. 

As to the cup in the dark, it affords 
reaching and grasping, but this is not 
specified visually, though it may be 
discovered through proprioceptive feedback 
as a result of exploring the space with one’s 
hands. The key in both instances is the 
difference between the reality of a possibility 
(e.g., grasp-ability) and the realization of that 
possibility (actually grasping the cup). The 
possibility is associated with one element 
of what matters, but the realization of that 
possibility depends on all three elements – 
whether there is a reason to pick up the cup 
(satisfying), whether there is capability to 
perform the action (affording), and whether 
there is the information to guide effective 
action (specifying). 

The classical ontological positions 
(materialism, idealism, dualism) disagree 
about which of the peripheral pieces in the 
puzzle picture are real elements. However, 
they all agree that the central elements of the 
puzzle (satisfying, specifying, and affording) 
are derivative (i.e., not fundamental elements 
of reality). The implication of James’ Radical 
Empiricism3 and Pirsig’s Metaphysics of 
Quality4 is just the inverse. That is, the 
central elements of satisfying, specifying, and 
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affording become fundamental elements and the 
peripheral pieces of the diagram are considered 
to be derivatives from these ontologically basic 
elements. 

It is possible to take an ‘objective’ 
perspective and focus only on the physical 
aspects of experience; to consider a more 
‘subjective’ perspective to consider the 
mental aspects of experience. However, 
when the pie is cut in either of these ways 
the fundamental properties of the reality of 
experience are lost.  The essential elements 
of satisfying, specifying, and affording 
are broken. The critical point here is that 
each of the fundamental elements is a joint 
function of Mind and Matter. Thus, any 
separation between Mind and Matter will 
be problematic for reconstructing a model of 
human experience.

An analogy with field theories in physics 
might be appropriate. That is, the satisfying, 
specifying, and affording reflect the 
underlying forces that create the fields 
that shape experience. The pieces on the 
periphery of the opening puzzle image 
might reflect isolated ‘particles’ within those 
fields. The challenge for those interested in 
the science of cognition and/or applying 
that science to designing user experiences 
is whether to build our ontology around the 
‘particles’ or the ‘fields?’ 

If the goal is to discover ‘what matters, 
then field theories are to be preferred. Also, 
the use of verbs to specify the fundamental 
forces can emphasize the dynamic, relational 
aspect of these elements5. It is important not 
to reify ‘experience’ as an ‘object of study.’ 
Experience involves patterns over time. It 

Cited from Feynman, Leighton & Sands (1963)6.
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Specifying

Satisfying

Affording

Intention Consequence

Effectivity Possibility

Perspicacity Structure

Semiotic Triad
(what matters)

Agent
(mind)

Environment
(matter)

Figure 4.4 The separate pieces associated with mind (intention, perspicuity, and effectivity) and 
matter (consequence, structure, possibility) are illustrated as peripheral to the question of 
What Matters, while the relational properties of the central field (satisfying, specifying, and 
affording) become the central ‘objects’ of study.
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involves processes of becoming, not a state of 
being. It is a complex interplay of dynamic 
‘forces’ that interact over time to shape 
performance.

Figure 4.4 illustrates an alternative 
to the earlier puzzle image. In Figure 4.4 
the elements (or particles) associated with 
classical approaches to Mind (intention, 
perspicacity, and effectivity) and Matter 
(consequence, structure, and possibility) 
recede into the periphery and the relational 
field that joins Mind and Matter emerges into 
focus. This relational field that reflects both 
Mind and Matter provides a more productive 
scheme for considering What Matters. 

The elements of this field (satisfying, 
specifying, and affording) provide the 
primitives of human experience, and the 
consequence of breaking these primitives 

of the field into their component parts is 
that ‘meaning’ is destroyed. Thus, satisfying, 
specifying, and affording are fundamental 
(ontologically basic) to a science of human 
experience and the separate pieces uniquely 
associated with Mind or Matter (i.e., 
intention, consequence, etc.) are derivative 
from these more basic components. 

Of course, there are many interesting 
questions that can be asked about the 
separate elements of Mind and Matter. 
However, it is unlikely that questions framed 
around those separate pieces will ever add 
up to a satisfying understanding of human 
experience. On the other hand, questions 
framed with respect to elements of the 
central field may lead to more productive 
thinking about human experience.

Approaching The Edge

A mother and her young daughter were 
approaching the edge of a cliff. As they got 
near to the cliff the mother started to slow, 
but her daughter continued toward the cliff 
without slowing. Fearing for her daughter’s 
safety, the mother reached down to grab 
her shoulder to slow her down and caution 
her that they were getting dangerously 
close. But the daughter looked up at her 
mother in surprise. She believed that they 
were still a very safe distance from the edge. 
She thought her mother was being overly 
cautious. How can we explain this difference 
in interpretation of the situation between the 
mother and daughter?

From the dyadic perspective, it would 
be reasonable to assume that the information 
about distance to the cliff is somewhat 
ambiguous for both the mother and the 
daughter, since this requires judgment of 
depth and they both must infer depth from 
cues on two-dimensional retinas. So, this 
suggests that the difference reflects their 
ability to interpret the ambiguous signs. And 
further, it would be reasonable to presume 
that based on more extensive experience 
(i.e., more knowledge), the mother’s 
interpretation would be more valid than the 
daughter’s interpretation. In this case, the 
differences are localized within the heads. 
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The mother’s ‘head’ contains knowledge 
about judging distance and the dangers of 
cliffs that her daughter’s may not. 

Figure 4.5 suggests an alternative 
hypothesis. How close is dangerously close 
to the edge? Is there a critical distance to the 
edge with regards to the danger of falling 
off? Is that distance the same for the mother 
and daughter? If not, what factors might 
determine the critical distance? 

Suppose that too close is a function of 
the center of mass - which might be related 
to balance.   Suppose that falling over the 
cliff typically happens only when, if a person 
might stumble forward, their center of mass 
passes over the edge of the cliff. Center of 
mass is related to height. Thus, too close 
might be related to height. Note that at a spot 
where a stumble could carry the mother’s 
center of mass over the edge, the daughter 
is far from such danger. The distance that 
affords safety is different for the mother than 
for the daughter. Thus, the differences in 
judgments about safety do not necessarily 
reflect differences in knowledge, but rather 
real differences in terms of What Matters. 
Real differences in terms of what will satisfy 
the goal of ‘a safe distance.’

Also note, that due to the common 
relation to height, visual angle potentially 
provides an invariant relation with too close. 
It is possible that too close can be directly 
specified in the optic array. Thus, it is 
possible that both mother and daughter are 
appropriately tuned to the information. Both 
may be equally capable of validly judging 
what too close is for themselves. But perhaps, 
they are not as well able to judge for the 
other. 

This example provides yet another context to 
think about Gibson’s concept of affordance 
(in this case, the negative affordance of 
falling off the cliff) and his theory of direct 
perception. The hypothesis is that too close 
is the affordance and that this affordance can 
be directly specified in terms of an optical 
angle. 

The broader implication is that too 
close is part of the deep structure in relation 
to the problem of safely moving through the 
environment. It is part of the deep structure, 
because it is related to the functional aspect 
of the task (e.g., safety) in a meaningful way. 
On the other hand, the linear distance to the 
edge would be part of the surface structure, 
since it has no direct invariant relation to any 

Figure 4.5 What is too close? How is it specified?
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functionally significant aspect of the problem. 
In other words, the answer to ‘how far is 
dangerous?’ will always be, ‘it depends.’ In 
this context, trying to relate a fixed distance 
to safety would be the mistake of a novice 
physicist. One who does not understand the 
deep structure (i.e., functional significance) 
of the problem. One who is using an 
inappropriate coordinate system.

More importantly, note that neither the 
affordance of falling off, the information to 
specify too close, or the value of safety exists 
if you isolate the observers from the situation. 
These are not properties of the cliff and they 
are not properties of the observers. These 
are properties of the experience! These are 
relations that couple the observers and the 
ecology. Thus, the fundamental elements of 
affording, specifying, and satisfying are lost 
when the problem is decomposed around the 
separate mind/matter components. 

Consider the possibility that the 
reality of experience consists of these three 
fundamental elements – satisfying, specifying, 
and affording. Consider the possibility that 
these three elements are the dimensions of 
the field of experience. Thus, the implication 

for designers is that if you want to shape the 
quality of human experience, these are the 
dimensions that you should be targeting. 
What are the needs that I hope to address 
with this product (satisfying)? What are the 
functional possibilities that I hope to realize 
with this product (affording)? How can the 
alternative possibilities be clearly specified 
relative to the users needs (specifying)?

In sum, the point is that the elements 
of human experience are neither Mind 
nor Matter. Yet, they are both Mind and 
Matter! For any of the classical ontological 
positions (materialism, idealism, or dualism) 
this is a contradiction. This also creates an 
epistemological problem for the discoverer 

– where can I stand in order to separate the 
point of observation from the phenomena 
that is being observed? The implication is 
that you can’t escape human experience in 
order to discover it. There is no privileged 
perspective. 

Thus, multiple perspectives are 
required in order to converge on a full 
understanding of the phenomenon. Each 
perspective is biased. Yet, each perspective 
offers unique information that may not be 
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available from other perspectives. Finally, 
this has important implications for how we 
choose to bound the “system” for purposes of 
modelling and observation. The conventional 
dyadic approach to information processing 
is simply too narrow a perspective. This 
perspective misses important constraints that 
contribute to shaping the human experience. 
The triadic approach provides a more 
holistic view of the phenomenon and a more 
complete view of the full semiotic dynamic.

The ending cartoon is a variant on 
the old story about the blind men and 
the elephant. Each blind man is feeling 
a different part of the elephant and thus 
each has a very different notion of what 
an elephant is. Thus, there are many 

different ways to see an elephant and it is 
difficult to get a complete picture from any 
single position. The challenge is to develop 
theoretical constructs that allow constructive 
integration across these diverse perspectives. 
Satisfying, affording and specifying might be 
useful constructs for achieving this goal. In 
essence, satisfying, affording, and specifying 
are REAL and the classical distinctions 
(intention, consequence, perspicacity, 
structure, effectivity, possibility) are 
derivatives or abstractions from this reality.  

This is a radical inversion of classical 
assumptions about the ontological basis of 
reality. There are elementary properties of 
What Matters that are joint functions of Mind 
and Matter. These elementary properties of 
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the experiential field (satisfying, specifying, 
and affording) provide a way to partition 
the phenomenon so that the functional 
dynamics of experience are preserved. This 

leads to more coherent scientific narratives 
about human experience and it leads to 
more innovative ways for thinking about the 
design of human/technology systems.. 
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Chapter 5
 Abduction

Figure 5.1 shows four cards used in what is 
typically referred to as the Wason task (after 
the researcher who first used this task)1. Each 
card has a number on one side and a letter 
on the other side. The task is to determine 
whether the following assertion is true or 
false with regards to these four cards, by 
turning over the minimum number of cards:

If a card has a vowel on the letter side, then 
it has an even number on the number side.

So, which cards would you turn over?

Now consider another problem, in this case 
you are the proprietor of a bar and you 
must be careful to follow the local laws 
with regards to the legal age for drinking. In 
your area the law is that it is illegal to serve 
alcohol to anyone under 21 years of age. This 
can also be framed as a formal rule:

If drinking alcohol, then over 21 years old.

Figure 5.2 shows a table of patrons. For two 
of the patrons you know their age, but not 
what they are drinking, for the other two you 

Figure 5.1 The Wason stimulus.
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know what they are drinking but not their 
age. What inquiries would you need to make 
in order to insure that this is a legal table?

Although the contexts are different, from 
the perspective of formal logic these two 
problems are identical or isomorphic. This 
formal isomorphic structure is illustrated in 
Figure 5.3, which represents the problems in 
the form of a tree diagram of the relations 
implied by the if, then rules.

With the tree diagram in Figure 5.3, it should 
be a bit easier to see that the correct answer 
to the first problem is that the cards that need 
to be turned over to test the rule are A (to 
see whether an even number is on the other 
side) and 5 (to see whether a consonant is on 
the other side). Note that there is no value 
in turning over the 4, because as illustrated 
in the tree diagram, a 4 can have either 
a vowel or a consonant on the other side 
without violating the if-then rule. Similarly, 

Vowel Consonant
Alcohol Non-alcohol

Even
Over 21

Even
Over 21

Odd
Under 21

Figure 5.2 Is this table legal?

Figure 5.3 A formal diagram illustrating the if, then structure underlying the two problems illustrated 
in Figures 5.1 and 5.2.
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it is obvious that to test whether the table is 
legal you need to know how old the person 
drinking beer is and you need to know what 
the younger boy is drinking, but there is no 
need to inquire about what the person over 
21 is drinking.

While these two problems are 
isomorphic with respect to the rules of formal 
logic, they do not appear to be identical 
with respect to human experience. For most 
people, the first problem is a difficult one. 
Many people choose to turn over A and 4. On 
the other hand, most people find the second 
problem to be relatively easy. Few would feel 
a need to find out what the person over 21 is 
drinking.

The fact that two problems that are 
isomorphic with respect to the rules of formal 
logic evoke very different responses from 
people suggests that factors not relevant 
to formal logic are relevant to human 
performance. Another way to say this is that 
for human performance ‘context’ matters. On 
the other hand, the rules of formal logic are 
independent of context. Yet another way to 
say this is that the ‘mind’ is designed to cope 

with open-systems, whereas formal logic is 
framed in terms of closed-systems. 

It is interesting to speculate about 
what makes the second problem (i.e., the bar 
context) easier than the first (i.e., the original 
Wason task). Is it because the first problem 
is more abstract and the second problem is 
more concrete? Is it that people have lots of 
experience with bars and drinking laws? 

Maybe it has to do with pragmatic 
reasoning in relation to the social dynamic of 
cooperation or permission2. In a cooperative 
system, people give up some of their 
individual rights for the good of the social 
unit. This requires some degree of trust - 
you expect that the sacrifices are shared by 
everyone. Everybody gives up a little and in 
return they reap the benefits of cooperation. 
However, some people cheat -- that is, they 
don’t make the sacrifices (don’t follow the 
rules) and still try to get the benefits of the 
cooperation. In other words, these people 
take advantage of others around them. 

It has been hypothesized, that due to 
this social dynamic, it is important to be able 
to detect the cheaters (to not be a chump and 
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let people take advantage of your trust). Thus, 
the hypothesis is that as social creatures, 
people have become attuned to detecting 
cheaters (in other words they have developed 
a permission schema). The prediction is that 
people should be skilled at these judgments 
whenever they are framed in a pragmatic 
context such as social permission. Cosmides 
and Tooby (1997)3 write:

People who ordinarily cannot detect 
violations of if-then rules do so easily and 
accurately when that violation represents 
cheating in a situation of social exchange 
(Comides, 1985, 1989; Comides & Tooby, 
1989, 1992). This is a situation in which 
one is entitled to a benefit only if one has 
fulfilled a requirement (e.g., “If you are to 
eat those cookies, then you must first fix 
your bed”; “If a man eats cassava root, then 
he must have a tattoo on his chest”; or more 
generally, “If you take benefit B, then you 
must satisfy requirement R”). Cheating 
is accepting the benefit specified without 
satisfying the condition that provision of 

the benefit was made contingent upon (e.g., 
eating the cookies without having first 
fixed your bed).

When asked to look for violations of social 
contracts of this kind, the adaptively 
correct answer is immediately obvious 
to almost all subjects, who commonly 
experience a “pop out” effect. No formal 
training is needed. Whenever the content 
of a problem asks subjects to look for 
cheaters in a social exchange -- even 
when the situation described is culturally 
unfamiliar and even bizarre -- subjects 
experience the problem as simple to solve, 
and their performance jumps dramatically. 
In general, 65-80% of subjects get it right, 
the highest performance ever found for a 
task of this kind. They choose the “benefit 
accepted” card (e.g., “ate the cassava root”) 
and the “cost not paid” card (e.g., “no 
tattoo”), for any social conditional that 
can be interpreted as a social contract, 
and in which looking for violations can be 
interpreted as looking for cheaters. 

Rationality

The diagram in Figure 5.3 is framed in terms 
of the rules of deduction. This diagram 
illustrates the form of an ‘if-then’ rule (If A, 
then B). The formalisms of deduction tell us 
what specific events will be true, if the rules 
(the premises) are true. 

The prototype for deduction is the syllogism, 
for example:

Major Premise:
If Turk cuts the grass, Dad will pay him 

$5.00.
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Minor Premise:
Dad pays Turk $5.00.

Conclusion:
Turk cut the grass.

The deduction model of rationality provides 
the criteria for determining whether this is 
a valid syllogism or a valid argument. Does 
the conclusion necessarily follow from the 
premises? What do you think, is this a valid 
syllogism or not? If you are not sure, perhaps 
Figure 5.4 will help. It is invalid - that is, you 

can’t conclude that Turk cut the grass if Dad 
pays him $5.00 - Dad might just be a very 
generous father.

The Wason task can also be viewed 
through the lens of induction as well4. A 
good way to demonstrate the induction 
perspective is to present a class with the 
following problem. “I have a rule in mind for 
generating strings of three numbers. I will 
give you an example of one of the strings 
generated from this rule. Then, you can 
propose other strings (i.e., do experiments) 
and I will tell you whether they are consistent 
with the rule or not. Your job is to continue to 

Figure 5.4 Can you conclude that Turk cut the grass, if he gets $5.00?

Cut grass Doesn’t cut grass

$5.00 $5.00 Not $5.00
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do experiments until you can guess the rule. 
The first example of a string that fits the rule 
I have in mind is: 2, 4, 6.”

Posed with this problem, the most 
typical first response from the class is, “8, 
10, 12.” To which the answer is, “yes, that 
is consistent with the rule.” Often this is 
followed by a few other examples of what 
they now think the rule is: “20, 22, 24” or 

“100, 102, 104.” To each of these ‘experiments’ 
the answer is “yes, these are all consistent 
with the rule.” Now some of the students are 
very confident that they have discovered the 
rule. They make the guess that “The rule is a 
sequence of consecutive even numbers.” But 
they are told that this is not the rule. And 
thus other experiments are required, “1, 2, 3.” 

“Yes, this is consistent.” “6, 4, 2.” “No, this 
is not consistent.” Eventually, they discover 
the rule, which is any sequence of increasing 
numbers.

The lesson of this example is that 
according to the prescriptions of induction 
it is possible to falsify a rule, by finding a 
contradiction. But even with a large number 
of confirmations, the rule is not proven. 
Note that, the hypothesis of a sequence of 

consecutive even numbers is not ‘tested’ 
by a response such as “8, 10, 12.” To test 
this hypothesis, you need to present an 
alternative such as “1, 2, 3” – that is, a counter 
example. The response of “yes” to this string 
disproves the hypothesis, while the response 
of “yes” to the string “8, 10, 12” does not 
prove the rule. 

This is an important lesson for 
experimental scientists, since science is 
often framed as an inductive problem - 
that is, to infer general laws (i.e., rules) 
from observations of particular cases (e.g., 
experiments). Experiments never “prove” 
hypotheses, but they can disprove hypotheses. 

Thus, science progresses by eliminating 
wrong hypotheses, not by proving 
hypotheses5. The beliefs of scientists are the 
hypotheses that stand up to the tests of the 
experiments - but no matter how many tests 
are consistent with a belief, hypotheses are 
never ‘proven.’ According to the logic of 
induction, for the scientist, beliefs should 
always be tentative.

In this context, the response of turning 
over the “4” in the Wason task is considered 
to be evidence of a “confirmation bias.” That 
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is, as with the previous example, people are 
doing a test to confirm the rule, rather than 
to contradict it. This is a “bias” in the sense 
that it is a deviation from the prescriptions of 
inductive reasoning.

It is important to realize that induction 
and deduction are two sides of a single coin. 
That is, deduction starts with the tree diagram 
specified by the major premise, and specifies 
which observations will follow from this rule. 
Induction starts with the observations and 
tries to infer the underlying tree diagram.

The conventional wisdom typically 
accepts the prescriptions of induction and 

deduction as the ideals for human rationality. 
However, the research shows that these 
ideals are seldom realized. According to 
conventional wisdom, this is presumably 
due to information processing limits (e.g., 
biases)6. So, it is not a stretch to say that the 
conventional theories of thinking are a bit 
like the old models that showed the sun 
and planets revolving around the earth - 
that included many corrections to account 
for the deviations from the expected ideal 
trajectories. However, might it be possible 
that human thinking does not revolve around 
classical logic, as its core?

Black Ravens and Republican Women

Ray Nickerson8 suggests a couple other 
variants on the basic Wason task that might 
help us to better understand the factors that 
are influencing performance with regard to 
rational strategies for testing hypotheses in 
every day life. The first example is related 

to what philosopher’s refer to as Hempel’s 
paradox of the ravens9. In Hempel’s 
paradox the hypothesis to be tested is the 
claim that “All ravens are black” or, in 
other words, the claim is, “If raven, then 
black.” 

Citation from Karl Popper7
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Nickerson summarizes Hempel’s Paradox of 
the Ravens as follows:

Hempel pointed out that the assertions “All 
ravens are black” and “All nonblack things 
are nonravens” are logically equivalent, 
each being the contrapositive of the other. 
Any evidence that strengthens belief that 
one of them is true should strengthen belief 
that the other (equivalent) one is true as 
well. By the rule that a case of a hypothesis 
supports that hypothesis, the observation of 
a white shoe should increase our confidence 
in the truth of the second assertion. And 
given that two statements are equivalent, 
we have no choice, Hempel argues, but to 
take the same observation as confirmatory 
evidence also for the claim that all ravens 
are black.10

Does it make sense to you that the observation 
of a white shoe (or a red herring11) would 
be relevant to testing the hypothesis that 
‘all ravens are black.’ The hypothesis about 
ravens can be visualized in the same form 
as the Wason task as illustrated in Figure 5.5. 
However, there is a subtle distinction with 
respect to the original Wason problem. The 
Wason problem is generally presented to 
test the assertion only about the four cards 
presented. However, the Raven problem is 
framed in terms of generalizing to the full 
population of ravens. 

Which problem is more representative 
of the problems most generally faced in 
every day experiences with hypothesis 
testing? Could it be that people are 
misunderstanding the Wason problem, 
and they are considering whether the rule 

Raven Not Raven

Black Black Not black

RAVEN NOT
RAVEN BLACKNOT

BLACK

Figure 5.5 The hypothesis: If raven, then black. The diagram illustrates this hypothesis in terms of 
deductive inference. How would you go about testing whether this hypothesis is true?
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applies to the full deck of cards? That is, they 
are testing the proposition that ‘All cards in a 
larger deck with a vowel on one side have an 
even number on the other.’ 

To test this proposition, might it make 
sense to focus your search on all the cards 
that have vowels on one side? Note that in 
the case of the legal table problem, the limited 
scope of the problem is more clearly evident 
(i.e., the question applies not to finding any 
illegal drinking, but specifically to that table). 

One factor that might be relevant to 
judging whether this is a smart choice might 
be the number of cards with vowels on one 
side relative to the number of cards with odd 
numbers on one side. Figure 5.6 provides 
another way to think about the hypothesis 
about ravens. Figure 5.6 uses a Venn diagram 
representation. In this context, the set of 
ravens is represented as a small set within 
the larger set of all things. Within the set of 
all things there is also a smaller set of things 
that are black, but many more things are 
nonblack. 

In the context of Figure 5.6, the question 
is whether or not the subset of ravens is 
completely contained within the set of black 
things, or not. If you were looking to see 
whether there was a ‘counterexample’ to 
disconfirm the hypothesis that ‘all ravens are 
black,’ would you start by sampling all the 
nonblack things to see if any of them were 
ravens? Or would it be more practical to 
focus your attention on the ravens, to see if 
one of them might be nonblack?

Nickerson suggests another 
counterexample to illustrate the relevance of 
the set of possibilities on the evaluation of a 
hypothesis:

Suppose one knew the US senate to be 
composed at a particular time (say at the 
opening of the 104th congress 1995) of 
47 Democrats and 53 Republicans, and of 
92 males and 8 females, but that one did 
not know the parties to which individual 
senators belonged. Consider the two 
following claims:

BLACK
THINGS

ALL THINGS

R

BLACK
THINGS

ALL THINGS

R

Figure 5.6 The hypothesis: If raven, then black or equivalently: All ravens are black. The diagram 
illustrates this hypothesis in terms of a Venn Diagram. This boils down to testing whether 
the subset Ravens (R) is fully contained within the subset Black Things. How would you go 
about testing whether this hypothesis is true?
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All Republicans in the US senate are males. 
(If X is a Republican US senator, X is 
male.)

All females in the US senate are Democrats. 
(If X is a female US senator, X is a 
Democrat. 

Figure 5.7 illustrates this hypothesis in 
the same format as the Wason Task, with 
the number of cases associated with each 
category above the card. What would be 
the most efficient strategy for testing these 
equivalent hypotheses with respect to the 
population of 100 senators? Would you query 
all 100 senators? Only the 53 Republicans 

to see if any of them are woman? Only 
the 92 men to verify that 53 of them are 
Republicans? Only the 47 Democrats to see if 
you could find all 8 women? Or would it be 
more efficient to simply query the 8 women? 

If people behaved as suggested by 
the original results of the Wason task, the 
prediction is that they would most likely 
sample Republicans and males (or female 
and democrats, if the second form is used). 

Do you think this is likely? What strategy 
seems most rational to you? 

In this counter case, querying the 8 females 
would clearly be the most efficient search 
strategy. But does the efficiency of sampling 

Rep Dem

Male Male Female

53
Rep

47
Dem

92
Male

8
Female

Figure 5.7 The hypothesis: If Republican, then Male. The diagram illustrates this hypothesis in terms 
of deductive inference. The numbers above each card indicate the number of items in each 
category. How would you go about testing whether this hypothesis is true?
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matter to people?12 Nickerson cites several 
examples of empirical studies that support 
the argument that it does. 

The potential impact of the environmental 
context on human judgment was clearly 
recognized by Einhorn and Hogarth13. 

Figure 5.8 is Einhorn and Hogarth’s way to 
represent the role of the ‘environment’ on the 
process. They write:

The crucial aspect of the diagram is that 
judgments and actions are taken within 
particular task environments…. By “task 

(3) Environment

(1)
Judgment,
Predictions,
Hypotheses

Actions,
Choices,

Experiments

Outcomes

Coding,
Storage,
Retrieval

Evaluation of
outcomes- as coded
contingency, etc.

(2)

(4)

(5)

(6)

Feedback

Feedback

Figure 5.8 Schematic representation of the role of the environment in shaping judgment and action. 
(adapted from Einhorn & Hogarth, 1978; Figure 6.)
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environment” is meant such factors as 
base rates, selection ratios, treatment 
effects, uncertainty of the task, sequential 
versus simultaneous presentation of 
information, completeness of judgment-
action combinations, and so on. It is the 
combination of judgments, actions, and 
environments that produce outcomes. 

They continue:

Furthermore, in the absence of adequate 
control or understanding of environmental 
factors, inference regarding causal 
relationships between judgments-actions 
and outcomes is problematic.

Searching for life in the universe

Consider one more example illustrated in 
Figure 5.9. In this case, you are the chief 
scientist for NASA and an important scientific 
hypothesis for you to test is the hypothesis 
that water is a necessary condition for life. 
This can be stated formally as:

If life, then water.

So, where should you send your expeditions? 

The structure of the underlying syllogism is 
exactly the same as that for the Wason task. 
This means, that if your goal is to test the 

truth of the hypothesis, then you need to go 
to planets where there is life, to see if there is 
also water; and you should go to the planets 
without water, to see if there is life. 

However, there is no value in going to 
planets that have water. Even if you visited a 
hundred planets with water and find life, that 
would not prove the hypothesis. However, 
if you visit a single planet without water 
and find life or a single planet with life and 
no water, this would prove the hypothesis 
wrong. 

On the other hand, what if your goal 
is not to test the validity of your hypothesis, 

Life Not life

Water Water Not water

Figure 5.9 The hypothesis that water is a necessary condition for life.
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but rather, what if your goal is to find life? 
Wouldn’t it be best to search for life in those 
places that you believe it is most likely to 
be? Wouldn’t it make sense to let your best 
hypotheses about where life might be, guide 
your search process?

This is essentially the position of 
Charles Sanders Peirce (remember the guy 
who introduced the triadic approach to 
semiotics) with respect to human experience 
and thinking. The essence is that thinking 
is designed for adapting to the demands of 
every day life. This has nothing to do with 
the philosophical abstractions of ‘truth’ or 
‘validity.’ It has everything to do with making 
choices that are successful (e.g., enhance 
survival). 

According to the norms of induction 
and deduction, the ‘validity’ of a hypothesis 
is judged based on the structure of the 
argument alone. However, Peirce suggested 
abduction logic as an alternative to these 
formal logics. In an abduction system a belief 
is judged as a function of whether the actions 
guided by that belief consistently lead to 
satisfying results. In other words, the test 

of an idea is pragmatic. It is NOT based on 
abstract mathematical or analytic principles, 
but it is based on the concrete consequences 
of the actions that it motivates (e.g., finding 
life).

Formal induction and deduction 
systems are abstractions! That is, it doesn’t 
matter whether the syllogism is about 
getting paid for cutting grass as in the earlier 
example, or whether the syllogism is framed 
in terms of unspecified variables, such as:

If A, then B

A

therefore, B.

Another way to say this is that formal logic is 
a closed-system -- it is defined independently 
from any specific context. Thus, a theory 
of cognition based on the prescriptions of 
induction or deduction naturally leads to 
a dualistic view about mind and matter. 
Mind is the realm of logic and it operates 
independently from the context of the world 
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of matter. This leads to a focus on awareness, 
independent from a theory of situations (i.e., 
ecology or context).

Abduction, on the other hand, offers 
an eco-logic, in which thinking is evaluated 
relative to its coupling with the ecology or 
the world of matter. The test of thinking is 
successful action or successful adaptation to 
the ecology. 

So, if human experience is based on 
abduction logic, then the ‘confirmation bias’ 
simply reflects the generalization of this eco-
logic to puzzles that it was not designed to 
solve. Some people may approach the Wason 
task as a challenge to find vowels. So they 
look where the hypothesis suggests that they 
find vowels. When the task is to look for 

cheaters - the strategy works fine - no bias is 
evident. 

Similarly, the search for nonblack 
ravens or for female republicans is guided by 
rational considerations relative to the space 
of possibilities. 

Finally, it seems quite rational to 
frame the NASA mission in terms of using 
our best understanding of nature to help 
find life in the universe. As to the syllogism 
about cutting grass - people would probably 
be interested in knowing more about the 
context. Is Turk reliable? How strict are his 
parents? 

Again, note that from the perspective 
of formal logic, this context is irrelevant. But 
of course, in everyday life, context is almost 
always relevant.

Development & Learning: Assimilation and Accommodation

Another perspective to consider with respect 
to abduction is that it is fundamentally a 
learning (or adapting) system, rather than 
a logical system. An abduction system 
develops and refines beliefs through a trial 
and error process. In general, this learning 
system will typically start with a naive belief 
about a situation, and through inter-action 
or iterative-actions it will gradually tune 
the beliefs in ways that lead to increasing 
correspondence with the situation over time 
(improved fitness or greater stability).

Piaget14 described this learning 
process in terms of two coupled dynamics: 
assimilation and accommodation. 
Assimilation is a process of integrating new 

situations within ‘schemas’ (hypotheses or 
beliefs) that have been developed based on 
prior experience. So, for example, when we 
start college, we approach the classes guided 
by the expectations that we developed based 
on our experiences in high school. Beliefs (or 
schemas) that have led to success in the past 
guide actions in the new situations. 

In the specific context of the Wason 
task described above, differences might be 
explained by the framing of the problem. 
If the problem is framed in a permission 
context, then people can generalize their 
experiences developed in similar social 
contexts (i.e., permission schemas) and thus 
they solve it correctly. However, when the 
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problem is framed in a more abstract context 
(e.g., Figure 5.1), then the relevance of the 
social experiences is not obvious, and the 
appropriate experiences are not applied.

Accommodation is a process of 
differentiation, in which our beliefs are 
refined to meet the needs of specific 
situations. For example, after some time 
in college you realize that some of your 
expectations were wrong, and you begin to 
differentiate your expectations about how to 
succeed in college from your expectations 
about how to succeed in high school. The 
accommodation dynamic reflects a kind of 
negative feedback - that is, the abduction 
system adjusts its beliefs as a function of 
the difference between what it expected 
(hypotheses) and the actual consequences 
that occurred. In a negative feedback control 
system this difference is typically referred to 
as ‘error.’ 

In the context of abduction, Peirce 
referred to this difference as ‘surprise.’ In 
any case, the abduction system is typically 
designed so that over time - error (or surprise) 

is reduced. Thus, beliefs are changed to be 
more in line with the actual consequences, 
or actions are adjusted so that consequences 
change to be more in line with the beliefs. 
This ‘cybernetic’ aspect of abduction systems 
will be discussed in much more detail in later 
chapters.

It is important to appreciate the circular 
nature of this dynamic. Assimilation is the 
source of the current beliefs that guide the 
next action. The consequences from that 
action drive the accommodative processes 
that lead to new beliefs or more finely 
differentiated expectations (schemas). These 
in turn drive the assimilative processes that 
guide the next actions. Thus, beliefs are 
shaping actions while at the same time the 
consequences of actions are shaping beliefs. 
This is a truly circular causality where every 
element is both cause and effect.

Figure 5.10 illustrates the abduction 
dynamic as a triadic semiotic system 
coupling the basic elements of experience 
(satisfying, specifying, and affording). The 
labels on the arrows illustrate that this 

Activity
Achieve / Explore

Error /
Surprise

Consequence Intention /
Hypothesis

Affording Specifying Satisfying

Figure 5.10 Abduction as a closed-loop coupling between the elements of experience
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system is simultaneously a ‘control’ system 
(e.g., assimilation) and an ‘observer’ system 
(e.g., accommodation). 

As a control system, the system 
adjusts performatory actions based on the 
differences between actual and intended 
consequences (i.e., error feedback) guided 
by schemas (beliefs) derived from previous 
experience. 

As an observer system, the system 
adjusts expectations (beliefs or schemas) 
based on the difference between actual and 
hypothesized consequences (i.e., surprise) 
that result from exploratory actions. Note 
that this is a fully enclosed system - there 
are no extrinsic inputs. The whole of reality, 
including Mind and Matter are integrated 
within this dynamic since each of the 
elements is a joint function of Mind and 
Matter. 

The functionalist philosopher/
psychologist, John Dewey also highlighted 
the ‘double movement’ implied by this 
circular dynamic:

There is a double movement in all 
reflection: a movement from the given 
partial and confused data to a suggested 
comprehensive (or inclusive) entire 
situation; and back from this suggested 
whole - which as suggested is meaning, an 
idea - to particular facts, so as to connect 
these with one another and with additional 
facts to which the suggestion has directed 
attention.15

Dewey associated this double movement 
with a coupling between inductive processes 
- the generation of a tentative belief; and 
deductive processes to test that belief. This 
makes sense in that the inductive process 

integrates past observations to form a 
hypothesis (e.g., if I do the things that 
led to success in high school, then I will 
be successful in college). It goes from the 
particulars (i.e., past experiences), to the 
universals (i.e., beliefs). The deductive 
process evaluates this universal (the 
hypothetical belief about a situation), 
relative to the particular consequences of 
actions based on that belief (the beliefs about 
academic success are tested against the 
consequences obtained in the current context 
of college).

Although Dewey uses the terms 
induction and deduction, it seems clear that 
he is not arguing that thinking operates 
according to the classical norms for that logic. 
That is, that the structure of the argument 
is critical. Conventional views of cognition 
tend to suggest that the proper ‘ordering of 
thought’ in human cognition and behavior 
reflects the logical rules that order action. 
In other words, thinking directs action. 
However, Dewey wrote that:

All people at the outset, and the majority 
of people probably all their lives attain 
ordering of thought through ordering of 
action. 

He continues:

Adults normally carry through some 
occupation, profession, pursuit; and this 
furnishes the continuous axis about which 
their knowledge, their beliefs, and their 
habits of reaching and testing conclusions 
are organized. Observations that have to 
do with the efficient performance of their 
calling are extended and rendered precise. 
Information related to it is not merely 
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amassed and left in a heap; it is classified 
and subdivided so as to be available as it is 
needed. Inferences are made by most men 
not from purely speculative motives, but 
because they are involved in the efficient 
performance of “the duties involved in their 
several callings.” Thus their inferences 
are constantly tested by results achieved; 
futile and scattering methods tend to be 
discounted; orderly arrangements have a 
premium put on them. The event, the issue, 
stands as a constant check on the thinking 
that has led up to it; and this discipline by 
efficiency in action is the chief sanction, 
in practically all who are not scientific 
specialists, of orderliness of thought.16

Thus, it seems clear that Dewey is saying 
that the test of an idea is not the form of 
the argument, but the “results achieved.” 
Thus, order emerges as a result of the 
consequences associated with previous 
actions. Constructs like ecology or umwelt17 
reflect the constraints that Dewey associates 

with the profession. This is where actions 
translate to consequences. This can also be 
termed the ‘situation.’ Currently, the term 
‘situated cognition’ is being used by many to 
emphasize the role of the ecology in shaping 
thinking.18

In essence, abduction logic is a kind 
of learning by doing, where hypotheses are 
generated as a result of assimilation of past 
experiences (e.g., schema or beliefs) and 
they are tested in the context of actions, and 
revised through accommodative processes 
associated with the feedback from those 
actions. 

This dynamic is akin to natural 
selection, where past experience is the 
source of genetic variation (i.e., beliefs, ideas, 
hypotheses) and future experience provides 
the selective forces that determine which of 
these variations will survive. Also note, that, 
as with natural selection, there is no need to 
hypothesize an external agent (i.e., intelligent 
design - homunculus) to account for the 
patterns (e.g., organization) that emerge. 

Circular coupling

It would be tempting to conclude, in 
opposition to the conventional wisdom 
(i.e., that thinking or awareness shapes 
action), that in actuality action in the ecology 
shapes thinking. That is, to conclude that 
our thinking is molded to fit the profession 
or ecology. However, that conclusion is 
inconsistent with the circular dynamic. It 
assumes that the ecology is a static thing, 
out there, to which people adapt. However, 

professions and more generally ecologies are 
not static. They are constantly changing or 
evolving as a consequence of the interactions 
with people (e.g., consider the possible 
human contributions to global warming). 
The abduction system is a dynamic, circular 
process with every element changing AND 
being changed by the others.

Gregory Bateson19 illustrates this 
circular dynamic in terms of the adaptive 
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relation between horses and savannas. For 
most people it is obvious how the horse has 
adapted to fit the savanna environment (e.g., 
long legs and flat hooves to facilitate mobility, 
teeth shaped to eat grass and grain, etc.). 
However, it is not so obvious that savannas 
have evolved as a result of interactions with 
horses (e.g., hooves pack the ground, teeth 
cut the grass, horse manure fertilizes the 
grass and promotes growth, etc.). 

Thus, horses and savannas participate 
in shaping each other. Just as the stability of 
the horse depends on the resources of the 
savanna, the stability of the savanna depends 
on the resources provided by the animals that 
populate it. Changes to one will potentially 
result in changes to the other. This coupling 
in ecological systems is often illustrated in 
terms of predator-prey dynamics. 

Peirce and Dewey are describing 
an evolutionary learning process, where 
strategies (beliefs) and actions that lead 
to order and stability are reinforced (or 
selected) and strategies and actions that lead 
to chaos and instability are extinguished (or 
become extinct). 

The terms ‘reinforced’ and 
‘extinguished’ are used to emphasize the 

connection with operant learning theory. 
The idea that behavior is shaped by its 
consequences is perfectly consistent with 
the hypothesis that thinking reflects an 
abduction logic. The distinction, however, 
is that one does not have to adopt the 
conclusions of the extreme behaviorists, 
that denies the phenomenon of mental life. 
Rather, it can be said that beliefs are shaped 
by consequences. 

However, remember that consequences 
are also being created and shaped by 
beliefs. Also, it is important to note that the 
consequences that motivate this dynamic are 
not necessarily only reward and punishment 
in the classical sense, simply satisfying 
curiosity may be sufficient motivation to 
propel the dynamic forward.20

The ultimate flaw in the behaviorist 
position as in conventional cognitive science 
is the stimulus - response image of causality 
that dominates both positions. In pursuit of 
causal explanations, the behaviorists chose 
to deny or at least trivialize the role of mind 
or awareness in the dynamic of human 
experience. Similarly, the cognitivists chose 
to deny or at least trivialize the role of the 
ecology in the dynamic of human experience. 
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These different positions break the loop in 
different places - but both break the loop in 
order to force human experience into a causal 
scheme (i.e., a billiard ball model). 

Peirce’s triadic semiotic system along 
with the logic of abduction begins to provide 
a system for representing James’ ‘experience’ 
as a fundamental reality emerging from the 

dynamic coupling between mind and matter. 
Breaking the coupling, either conceptually 
or practically (in the design of experiments) 
risks destroying the phenomena of 
experience. More contemporary terms that 
are being used to emphasize the coupling 
between mind and matter include ‘embodied 
cognition’21 and ‘evolutionary psychology.’22

Summary and Overview

Induction and deduction models of 
rationality are designed to be context 
independent. That is, the rules are general 
principles that apply to any context. The 
validity of a deductive or inductive argument 
can be specified based only on the form of the 
argument itself. There is no need to consider 
correspondence with any extrinsic domain 
of application. This is emphasized by the 
fact that the logical calculus can be framed 
completely in terms of abstract variables 
(e.g., If A, then B; A, therefore B). 

Framing questions of mind in terms 
of this abstract calculus implies that the 
dynamics of mind are also independent from 
the ecologies that they inhabit. This view 
fits well with the dyadic semiotic model, 
discussed in Chapter 2 as the semiotic 
basis consistent with the computer (symbol 
processor) metaphor of mind.

In contrast, abduction logic is framed in 
terms of the pragmatic relations between an 
agent and its environment. In an abduction 
system, the validity of a belief (hypothesis 
or proposition) is tested against the 

consequences of actions based on that belief. 
Beliefs that lead to satisfying consequences 
are retained and beliefs that lead to surprises 
are revised. 

Note that in an abduction system there 
is no absolute truth or absolute criterion 
for validity as in a deductive system. In 
abduction systems beliefs are never 
completely verified (although the agents 
may sometimes exhibit great confidence in 
these beliefs). 

Thus, this view shares much with 
Popper’s view of Critical Rationalism. As, 
Miller23 observes, the critical rationalist 
approach emphasizes “guesswork as the way 
knowledge grows” (e.g., in Peirce’s terms 
‘hypothesis;’ in Piaget’s terms ‘assimilation’) 
and emphasizes “criticism as the way it is 
controlled” (e.g., in the feedback that is a 
natural consequence of acting on our beliefs). 
Miller continues that “rarely, of course, do 
we know that we are right; but we don’t need 
to know it if we are.”

An abduction system frames beliefs 
in terms of past experiences - thus, it is 
vulnerable to the Black Swan phenomenon24. 
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An abduction system guesses about the world 
based on experiences in that world. This 
system will be surprised when the past (i.e., 
experience in a world of white swans) does 
not specify the future (i.e., the appearance of 
a black swan - a rare event). 

The abduction system will also be 
vulnerable to ‘butterfly effects.’ That is, 
there will always be a limited horizon to 
the ability to specify the future, there will 
always be phenomena that are outside of our 
awareness (factors beyond the last decimal 
place in the ‘mental’ model) that will limit 
the ability of an abduction system to have 
absolute certainty about the future. 

Additionally, because of the closed-
loop dynamic, the abduction system 
will be vulnerable to attribution errors 
and confirmation bias to the extent that 
hypotheses may impact how the feedback 
resulting from interactions with the ecology 
is evaluated. For example, in the case of 
attribution errors, people may reduce 
surprise by discounting information that 
contradicts an assessment based on a first 
impression about another person (i.e., a 
belief or hypothesis) – and thus may miss the 
opportunity to correct an error and to better 
tune their beliefs to the ecology.25 

Thus, for an abduction system, the 
future is always uncertain, not because God 
plays dice with the universe, but due to 
the limits/bounds of experience. This is in 
contrast with the conventional information 
processing approach that emphasizes the 
limits of the information processing channel 
(e.g., limited memory capacity, limited 
attention span) as the primary bounds on 
human rationality. 

The ultimate limits are not on the 
internal computational process, but rather on 

the experience. As experience is accumulated, 
an abduction system is expected to become 
increasingly well tuned to its ecology. In 
fact, Erikson & Charness (1994)26 conclude, 
based on a review of the literature on human 
expertise, that “acquired skill can allow 
experts to circumvent basic capacity limits of 
short-term memory and of the speed of basic 
reactions, making potential limits irrelevant” 
(p. 731).

In other words, the bounds on human 
thinking are not fixed computational limits, 
but rather they reflect the degree (and 
perhaps type) of experiences. This gives new 
meaning to Simon’s construct of bounded 
rationality. The bounds on cognition are 
properties of the overall dynamics of 
experience, NOT simply limits of internal 
mechanisms of awareness.

Increased correspondence between beliefs 
about the ecology and the pragmatic 
constraints of that ecology is expected in 
the long run. However, as noted above, in 
the short run this system is vulnerable to 
being trapped in sub optimal beliefs (e.g., 
local minima) reflecting such phenomena as 
confirmation bias and attribution errors. 

Stability in an abduction system is not 
dependent on following prescribed rules 
of rationality, but on a kind of muddling 
through which means being open to 
experience and learning from each surprise 
(e.g., mistake). Where logical systems 
provide norms for making the right decisions, 
abduction systems describe how people 
act to make decisions right through active 
adaptation to change and through managing 
unanticipated variability. As we will see 
more clearly in later chapters, to be stable, 
an abduction system must balance learning 
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from the past, against a healthy awareness of 
the uncertainties of the future. 

Basically, an abduction system is a learning 
machine. Ideas that fit the demands of every 
day life, that lead to satisfying outcomes, 
are reinforced (strengthened, confirmed, 
selected) and ideas that lead to unsatisfying 
outcomes are revised or changed 
(extinguished, become extinct, are adapted), 
generally in ways that improve the fit to the 
demands of life (i.e., in ways that increase 
stability). 

It is important to note that we are 
talking about ‘ideas’ being reinforced, not 
simply ‘behaviors’ being reinforced. The 
point is not to choose between mind OR 
matter as the causal agent, rather the point 
is to bring mind AND matter together into 
a unified meaning processing system. The 
point is to address what matters with respect 
to creation of and adaptation to opportunities 
to produce stable relations between Mind 
and Matter.

The term abduction is old, but it 
is a concept that was lost amid several 
paradigmatic revolutions in the field of 

psychology. First the rise of behaviorism 
and then the cognitive revolution with the 
associated computer metaphor of mind. 
Despite the obvious differences in these 
two approaches, both shared the goal of 
explaining human experience using the 
language of causation. Circularity is a 
problem for both approaches. Although the 
term was lost, the gap left by the absence 
of this concept was recognized by many. 
For example, Walker Percy27 writes about 
the gap between the mind sciences and the 
physical sciences:

I refer to this gap in scientific knowledge 
as an incoherence … we are not talking an 
ordinary area of ignorance which is being 
steadily eroded by advancing knowledge … 
No, the gap is incoherent and intractable … 
It is not like tunneling under a river from 
both sides and meeting in the middle. It is 
more like ships passing in the night. 

In the previous chapter on Semiotics there 
was an illustration of how measuring human 
performance against classical models of 
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extrinsic space (rectangular coordinates) may 
lead to false inferences about the nature of 
human experience. In this chapter, this notion 
is generalized beyond simple perception to 
more cognitive aspects of performance. 

The fundamental point is that abstract 
mathematical logic (induction, deduction) 
may be a poor reference for gauging human 
rationality, because it is not grounded in the 
practical realities of human experience. In 
essence, mathematical logic provides the 
wrong coordinate system for representing 
the rationality of everyday problem solving 
and decision making.

Certainly, humans are capable of 
appreciating the mathematics of classical 
logic. However, everyday rationality is 
not measured against absolute truths or 
the syntax or form of the argument (i.e., 
internal consistency). Everyday rationality is 
measured against the practical consequences 
of hypotheses and beliefs. 

The ultimate test is not the absolute 
truth of a hypothesis. The ultimate test is 
the quality of experience that results from 
behaviors guided by that hypothesis or 
belief. The test is not whether an idea is crazy 
(i.e., departs from prescriptions of logic), but 
whether it works! 

In an abduction system, whether it 
works is the ultimate test of what matters. In 
relation to the NASA version of the logical 
puzzle – the challenge is to find life in the 
universe, not to find absolute truth.

The implication for design is that 
designers need to consider the dual movement 
of assimilation and accommodation. The 
assimilation dynamic can be leveraged by 
creating new technologies that are consistent 
with the expectations developed through 
interactions with older technologies (e.g., 

locating the print function under the “File” 
menu). 

The accommodation dynamic requires 
that designers consider the best ways 
to shape expectations of the users to be 
consistent with the novel demands of new 
situations (i.e., to teach the operators about 
the functional constraints). This has been 
articulated in terms like direct manipulation 
and direct perception28. The common 
thread is the direct coupling of perception 
and action so that the interface provides 
constructive feedback for learning about the 
process or problem that it is representing 

This requires that interface designers 
ground their designs in the intrinsic logic 
(i.e., the eco-logic) of the problem or work 
domains that they are designing for, NOT in 
abstract mathematical notions of rationality. 
For example, in designing decision support 
for fault diagnosis in nuclear power control 
rooms, the key to effective interfaces will 
not be found in the ‘head’ of the operators 
or in the norms of classical logic, but rather 
in a deep understanding of the dynamics of 
the physical processes. Thus, work analysis 
to uncover the intrinsic logic of a particular 
domain becomes critical to innovative 
design29. 

The key for effective decision support 
will be to represent the relevant affordances 
(e.g., what states are desirable and reachable) 
in relation to the relevant values (e.g., 
production and safety goals). 

In designing graphical interfaces to complex 
technologies like nuclear power plants, the 
challenge is to find a graphical coordinate 
system that lets the operators ‘see’ and 
learn about the states relative to functional 
properties, in the same way that the pilot 
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described by Langewiesche (in an earlier 
chapter) was able to ‘see’ locations on the 
ground relative to the functional capabilities 
of the aircraft30. 

The first step is to understand the 
functional capabilities of the system (e.g., 
the glide capability of the aircraft) and 

the second step is to find a way to specify 
those capabilities using a coherent and 
comprehensible system of signs (e.g., a 
configural graphic) that will allow the 
operators to directly ‘see’ and learn about 
the actual states of the plant relative to the 
intended states.

 Reprise

One of the clear implications of Peirce’s 
triadic semiotics and abduction is that 
context matters. Thus, it may be valuable 
to consider the larger context of Peirce’s 
work on abduction and semiotics. Louis 
Menand31 provides this context in his book 

“The Metaphysical Club.” He describes the 
common attitude that shaped the work of 
Peirce and his fellow pragmatists (Holmes, 
James, and Dewey):

…what these four thinkers had in common 
was not a group of ideas, but a single idea 

– an idea about ideas. They all believed 
that ideas are not “out there” waiting to 
be discovered, but are tools – like forks 
and knives and microchips – that people 
devise to cope with the world in which they 
find themselves. They believed that ideas 
are produced not by individuals, but by 
groups of individuals – that ideas are social. 
They believed that ideas do not develop 
according to some inner logic of their own, 
but are entirely dependent, like germs, on 
their human carriers and the environment. 
And they believed that since ideas are 

Charles Sanders Peirce33
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provisional responses to particular and 
unreproducible circumstances, their 
survival depends not on their immutability 
but on their adaptability.32

As we continue the exploration of human 
decision-making and problem solving, 
the discover versus inventor distinction 
discussed in Chapter 2 should become 
readily apparent. On the one hand, work by 
people such as Amos Tversky and Danny 
Kahneman34 reflect the discover attitude that 
attempts to measure performance against 
fixed, extrinsic standards (e.g., logical and 
economic prescriptions for optimal choice). 
On the other hand, work by people such as 
Peter Todd and Gerd Gigerenzer35 reflect the 

inventor attitude that attempts to measure 
performance against intrinsic, situated 
standards associated with pragmatic ends. 
These reflect fundamental metaphysical 
choices that will not be resolved empirically. 
This difference is not in the phenomena 
– but in the choice of where to stand as an 
observer. 

Again, it is not necessary to reject 
the discoverer perspective. However, it 
is important to legitimize the inventor 
perspective. Both perspectives offer insights 
into human experience. Our goal is to 
integrate these two perspectives and to 
build a narrative about human experience 
around the invariants that are independent 
of perspective.
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Chapter 6
Thinking in Circles

As intellectual beings, we presume the existence of meaning, and its absence is an anomaly…. 
All knowledge, all science, thus aims to grasp the meaning of objects and events, and this 
process always consists in taking them out of their apparent brute isolation as events, and 
finding them to be parts of some larger whole suggested by them, which, in turn, accounts for, 
explains, interprets them; i.e., renders them significant.1

Minds make motions, and they must make them fast – before the predator catches you, or before 
your prey gets away from you. Minds are not disembodied logical reasoning devices.2

As the question of What Matters is explored, 
the system image that is beginning to form 
is of a triadic semiotic system, where what 
matters is an emergent property of the closed-
loop coupling between mind (awareness) and 
matter (ecology). Peirce has characterized 
this coupling in terms of an abduction logic 
in which hypotheses (or guesses) based on 
past experiences are tested pragmatically 
using the concrete feedback from actions 
guided by those hypotheses. Piaget 
described the triadic semiotic in terms of the 
dynamics of assimilation (i.e., generalizing 
based on schemas constructed from previous 

experience) and accommodation (i.e., 
adapting based on feedback). 

In essence, Peirce and Piaget are 
describing a process of learning from 
mistakes. Thus, let’s begin this chapter by 
considering a particularly interesting and 
important learning challenge - learning 
to walk. The point of the examples in 
this chapter is to begin to illustrate the 
implications of a closed-loop coupling 
between Mind and Matter relative to What 
Matters. In particular, we want to illustrate 
how explanations that seem plausible based 
on the logic of simple causality may prove 
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inadequate for understanding the self-
organizing dynamics of circular systems.

Classically, human motor development 
has been modeled as a progression from 
automatic, reflexive responses to stimuli 
toward more selective, voluntary responses. 
In the case of walking, two reflexes were 
particularly interesting: the stepping reflex 
and the kicking reflex. 

The stepping reflex is a tendency for an 
infant who is being suspended vertically (e.g., 
being supported at her armpits) to move her 
legs in an alternating fashion similar to that 
of adult “stepping” or walking behavior. 
Alternatively, the kicking reflex is a tendency 
for an infant who is laying on her back to 

“kick” her legs in an alternating fashion. 
In terms of the relative patterns of 

the two legs, the stepping and kicking 
reflexes appear very similar. However, 
developmental psychologists had identified 
these as distinctive reflexes due to their 
developmental history3. The stepping reflex 
is present at birth, but tends to completely 
disappear a few weeks after delivery and 
then reappears at about 10 to 12 months, just 
prior to the time that most infants take their 
first steps. That is, if you suspend a 3-month 
old infant from its armpits, it is likely that the 
legs will simply hang down with no evidence 
of stepping. The kicking reflex, on the other 
hand, does not disappear but persists over 
this same period of development. 

Because of the different development 
histories, the “stepping” and “kicking” 
behaviors were attributed to distinct 
reflexes (i.e., distinct internal programs). 
It was thought that the disappearance of 
the stepping reflex resulted from selective 
internal inhibition of that reflex. This was 

thought to be a precursor for voluntary 
control. That is, it was hypothesized that the 
first step in gaining control over the reflex 
was to be able to turn it off (i.e., inhibit it). 
This first step then progressed to an ability for 
voluntary control in which the reflex could 
be turned on and off in a controlled fashion – 
thus, the basis for voluntary walking.

When Ester Thelen4 began to investigate 
the development of walking she started 
by comparing the EMG signals associated 
with the two distinct reflexes (i.e., stepping 
vs. kicking). EMG measures the electrical 
signals that are assumed to be associated 
with communications between the “brain” 
and the muscles. The expectation was that 
since the internal control mechanisms for 
these two reflexes were distinct, the patterns 
of EMG ought to be distinct. However, the 
results of these measurements showed that 
the EMG patterns were as similar, if not more 
similar, than the movement patterns. As she 
continued to investigate this phenomenon 
she noted several interesting patterns that 
suggested that the classical explanation 
might be wrong.

Thelen observed that there was a 
correlation between the length of the period 
between the disappearance and reappearance 
of the stepping reflex and weight gain. The 
periods tended to be longer for infants who 
gained more weight and shorter for infants 
who gained less weight. She also noticed that 
during the inhibition period the stepping 
behavior would reappear when the infants 
were suspended in water. Finally, she noticed 
that when infants in the inhibition period 
were suspended on a moving treadmill many 
of them would step in an alternating pattern 
consistent with normal adult walking. In fact, 
she found that when she split the treadmill 
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so that the speeds were different for the 
two legs, the infants’ behavior adapted 
appropriately – resulting in a stepping 
pattern coordinated with the two speeds. 
So, the pattern of coordination seemed to 
emerge in some contexts earlier than it did 
in other contexts. Can you guess the answer 
to the mystery of the disappearing stepping 
reflex?

Thelen’s hypothesis was that the 
disappearance of the stepping reflex is due 
to the fact that in the first year of life the 
infants’ weight gain tends to outpace the 
development of her muscles. After a few 
weeks, the legs are simply too heavy to lift 
when the baby is suspended in a way that 
requires her to overcome the full force of 
gravity. However, when the baby is oriented 
in a way that reduces the impact of gravity 

(e.g., lying on her back or supported by 
the buoyancy of water), then the muscles 
are sufficient to drive the motion. On the 
treadmill, much of the energy for driving the 
steps comes from the treadmill motion. So, 
here is a very nice illustration of how context 
matters!

With Thelen’s hypothesis the 
differences associated with the stepping 
and kicking reflexes are explained without 
posing different internal mechanisms or 
programs (i.e., distinct reflexes). Rather, her 
explanation poses an interaction between 
internal constraints and the environmental 
context (e.g., the orientation to gravity) to 
determine the pattern of behavior (e.g., the 
disappearance of the stepping behavior and 
the persistence of the kicking behavior). 

In this sense, the behaviors are 
emergent properties of a complex human-
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environment coupling. The behaviors 
are not completely determined by either 
distinct internal programs (awareness) or by 
environmental stimuli (ecology), but rather 
they emerge as a result of the coupling.

The story of the stepping reflex is 
important for two reasons. On the one 

hand, it illustrates how easy it is to invent a 
plausible explanation for a phenomenon in 
terms of hypothetical, brain mechanisms (i.e., 
inhibition). On the other hand, it shows the 
need to expand our frame for explanation 
to include properties of the physical ecology 
(e.g., gravity).

Conventional View of Computation

There is a strong tendency for conventional 
approaches to cognition to posit centralized 
control mechanisms in the brain that ‘direct’ 
action in a top down hierarchical fashion. 
This reflects a kind of ‘clockwork’ logic that 
fits with conventional views of causality 
and leads naturally to a tendency to look for 
the ‘causes’ of behavior in the centralized 
control agency. For example, consider Steven 
Pinker’s explanation of why Bill gets on the 
bus:

This insight, first expressed by the 
mathematician Alan Turing, the computer 

scientists Alan Newell, Herbert Simon, 
and Marvin Minsky, and the philosophers 
Hilary Putnam and Jerry Fodor, is now 
called the computational theory of mind. 
It is one of the great ideas in intellectual 
history, for it solves one of the puzzles that 
make up the ‘mind-body problem’: how 
to connect the ethereal world of meaning 
and intention, the stuff of our mental 
lives, with a physical hunk of matter like 
the brain. Why did Bill get on the bus? 
Because he wanted to visit his grandmother 
and knew the bus would take him there. No 
other answer will do. If he hated the sight 
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of his grandmother, or if he knew the route 
had changed, his body would not be on that 
bus. For millennia this has been a paradox. 
Entities like “wanting to visit one’s 
grandmother” and “knowing the bus goes 
to Grandma’s house” are colorless, odorless, 
and tasteless. But at the same time they are 
causes of physical events, as potent as any 
billiard ball clacking into another.

The computational theory of mind 
resolves the paradox. It says that beliefs 
and desires are information, incarnate as 
configurations of symbols. The symbols 
are the physical states of bits of matter, like 
chips in a computer or neurons in the brain. 
They symbolize things in the world because 
they are triggered by those things via our 
sense organs, and because of what they do 
once they are triggered. If the bits of matter 
that constitute a symbol are arranged to 
bump into the bits of matter constituting 
another symbol in just the right way, the 
symbols corresponding to one belief can 
give rise to new symbols corresponding to 
another belief logically related to it, which 

can give rise to symbols corresponding to 
other beliefs, and so on. Eventually the bits 
of matter constituting a symbol bump into 
bits of matter connected to the muscles, 
and behavior happens. The computational 
theory of mind thus allows us to keep 
beliefs and desires in our explanations of 
behavior while planting them squarely in 
the physical universe. It allows meaning to 
cause and be caused.5

Although an explicit goal of Pinker’s book is 
to avoid the homunculus problem by linking 
computational theories of minds with the 
dynamics of natural selection, when I read 
this passage I can’t help but see the image of 
a little general (homunculus) in the control 
room of the brain sending down commands 
to the body, ‘go to grandmother’s house.’ 

While there are hints of the circularity, 
overall the emphasis seems to be on 
how the bits of matter constituting the 
symbols magically bump into bits of matter 
connected to muscles to cause behavior. The 
image seems to be of a centralized control 
system sending instructions to the body, 



94

like a puppeteer pulling the strings on a 
puppet. The image is of a computer program 
specifying the actions of a clockwork 
machine. Within this image ‘meaning’ is 
considered to be part of ‘the ethereal world.’ 

For us, this is a very unsatisfying 
solution to the mind-body problem. There 
is a clear implication here of two separate 
realities - the physical reality of the body and 
the ethereal reality of ‘mind and intention.’ 
There are the vestiges of a dyadic semiotic 
model – with reference to symbols, and there 
is a clear assumption of a linear, billiard ball 
type of causality. 

Thelen’s explanation for the 
development of walking, however, suggests 
a different style of control. Rather than a 
hierarchical control system, one gets the 
impression of a more distributed type of 
control that has become associated with 
complex dynamical systems. For example, 
recent approaches to the design of walking 
machines have adopted a ‘passive’ type 
control. That is, in contrast to earlier 
attempts that were based on ‘programs’ that 
specified the coordination between the limbs 
(e.g., gait transitions), the new solutions let 
the coordination emerge as the result of the 
physics of the limbs and joints. 

It turns out, there is no need to micro-manage 
the coordination -- even changes from one 
gait to another can be produced as a result 
of interactions at the periphery reflecting 
pendulum dynamics -- there is no need for 
an internal program. 

Whenever we observe structured 
behaviors it is tempting to assume that there 
is some ‘program’ or ‘plan’ to account for this 
structure. For example, in Pinker’s example 
of Bill going to see his grandmother, the 

behavior is explained as being ‘caused’ by 
internal instructions. This tends to suggest 
an internal homunculus pulling the strings 
of the body (i.e., causing actions) and it is 
difficult to imagine any other way to explain 
the behavior. 

However, Kugler and Turvey6 (1987) 
provide an alternative metaphor in which 
structured behavior emerges without the 
benefit of an internal plan or program. The 
metaphor that Kugler and Turvey used is 
the nest building behavior of a population of 
social insects. These insects, such as African 
flying termites, cooperate to build elaborate 
nests that in proportion to the size of the 
insects are much larger than even the tallest 
of man-made architectures. The problem to 
be explained is how does this cooperation 
come about? From an information processing 
perspective, the question might be framed 
as “where is the plan?” and “how is the plan 
communicated among the many insects?”

Let’s begin with Kugler and Turvey’s 
description of the phenomenon:

The nest-building behavior consists of a 
number of qualitatively distinct phases of 
construction. In the first phase, building 
materials are carried into the site and 
deposited randomly. This phase comes to 
an end with the emergence of preferred sites 
that number far fewer than the number 
of original deposits. The second phase is 
associated with the material build-up of 
the preferred deposit sites until they take 
on the shape of pillars. When the pillars 
achieve a certain size and are separated 
by a critical distance, a third phase of 
construction emerges. The third phase is 
characterized by the mutual “curvature” of 
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two neighboring pillars toward a “virtual 
midpoint.” This phase is complete when 
the two pillars meet at the virtual midpoint, 
forming an arch. A final phase is marked by 
the completion of a dome that extends from 
the tops of the arches. The completion of the 
dome marks the end of the building cycle. 
The cycle can be repeated on the top of the 
dome beginning with the random deposit 
phase.7

Kugler and Turvey were able to account for 
the nest building behavior without reference 
to any “internal plans” or “blueprints” for 
the nests. Rather, in their model, the nests 
will emerge as the result of interactions 
between two simple processes, one a simple 
mechanism within individual insects and 
the other, the physical processes associated 
with the dispersion of an odor. The specific 
odor of interest is the scent of a pheromone 
contained in the building material deposited 
by the insects. 

The mechanism within an individual 
insect can be summed up with two simple 
rules, when ready to deposit material 1) 

move in the direction of the strongest 
pheromone scent and 2) deposit where 
the smell is strongest (this is similar to the 
behavior of dogs who tend to sniff the scent 
of other dogs’ deposits and who have a 
preference for making their marks on top of 
the deposits from previous dogs). 

How do the nests “emerge” from 
the interactions between the insects and 
the pheromone odor? In the first phase, 
the insects fly around ingesting the raw 
ingredients for the building material. At 
some point, the animal becomes sated and 
the first rule kicks in. If the animal is not 
within range of the pheromone scent, then a 
deposit is made at whatever random position 
the insect currently occupies. However, if the 
animal is in range of the pheromone scent, 
then it tracks that scent until it peaks, and 
then according to the second rule deposits 
the material at that peak in the pheromone 
field, which would typically be on top of a 
previous “fresh” deposit. 

If there are only a few insects relative 
to the size of the space that they occupy, then 
the probability that an insect will be in range 
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of the pheromone odor from a fresh deposit 
when it gets the urge to make a deposit is 
very small. The result is a random scattering 
of deposits. 

However, as the density of insects 
increases the probability that the insect will 
be within range of the odor of a previous fresh 
deposit increases. Under these conditions 
multiple deposits at the same site become 
more probable. With each new deposit at a 
site the strength of the pheromone field for 
that site will increase (the deposit site grows 
and stays fresh). 

This is an example of positive feedback. 
With each new deposit, the probability of 
further deposits increases in an iterative 
fashion. The result of this positive feedback is 
that certain sites emerge as “strong attractors” 
in the behavioral field. At this point, the 
system is in the second phase described by 
Kugler and Turvey (1987), the pillar-building 
phase.

As the pillars grow, the pheromone 
fields associated with each pillar strengthen 
and expand. As a result of this expansion, the 
fields of pillars that are close together begin 

to interact. That is, the pheromone gradient 
between the pillars becomes stronger than 
the gradient on the outsides of near pillars. 
This is because the odors from the two pillars 
combine within the regions between the 
pillars. The result of this interaction causes 
a bias in the growth of pillars. It becomes 
more probable that insects will be captured 
by the pheromone fields between the pillars 
than the fields outside this region. This bias 
leads to pillars that tend to grow toward 
each other. These interactions drive the third 
phase described by Kugler and Turvey (1987), 
the arch building phase.

If you follow the logic of Kugler and 
Turvey’s model, then you should be able to 
anticipate the transition to the dome-building 
phase. When two pillars meet to form an 
arch, the peak in the pheromone fields will 
now be at the point of the freshest deposits – 
where the pillars meet. These points become 
the new attractors. These attractors may 
interact with other attractors (near by pillars 
and or arches) and this leads to the dome 
building phase – the insects are captured by 
the fields between interacting attractors and 
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the result is that deposits are added in a way 
that creates connections between them. 

The end result of the process described 
by Kugler and Turvey will be a nest with 
multiple levels supported by arched pillars. 
Note that all nests constructed as a result of 
this process will be similar in their general 
form, but they will also be distinctive – in 
that no two nests would be likely to have 
all their pillars in exactly the same relative 
positions. This is because the placement of 
the pillars originates from an essentially 
random initial placement of deposits and 
the emergence of attractors in this field 
depends on the essentially random motion of 
the insects as they forage for raw materials. 
It is also important to note that the shape 
of the nests depends both on the simple 
habits of the insects (their minds) and on 
the dispersion properties of the pheromone 
(the matter), but the shape (what matters) is 
determined by neither. This is what we mean 
when we say that the shape emerges or that 
it is an emergent property of the system. 

In terms of the dependence of the nests 
on the insects’ habits and the dispersion 
properties of the pheromone it is interesting 
to speculate on the impact of variables that 
might affect these – variables that might be 
considered include the insects’ diet (which 
might affect their capability for locomotion, 
the frequency of deposits, as well as the 
intensity of the pheromone produced) and 
the weather (wet or dry, the presence of 
prevailing winds, etc.). 

For example, in the presence of a 
prevailing wind, it might be reasonable to 
suspect that the pillars would tend to lean 
in the direction of the prevailing wind, since 
the pheromone odor would be expected to 
be more intense on the downwind side of 

a fresh deposit. The result of this might be 
nests that are aerodynamically adapted to 
the wind conditions. 

From an information processing 
perspective, it would be very tempting 
to attribute this adaptation to specialized 
knowledge (e.g., implicit aerodynamic 
models) built into the internal programs 
of the insects. Kugler and Turvey’s model, 
however, requires no specialized knowledge 
within the insects to account for this 
adaptation. 

What do you think might be the result of a 
change (increase or decrease) in the intensity 
of the pheromone concentration in the 
building materials on the shape of the nests 
produced according to the process described 
by Kugler and Turvey?

Kugler and Turvey (1987) describe the 
nest building ‘system’ as a complex system. 
This simply means that important aspects of 
the behavior of this system (i.e., the shape 
of the nests) cannot be explained based on 
an independent analysis of the “parts” of 
the system (insects and/or environment). 
These behaviors depend in an important 
way on interactions or couplings among the 
components. In other words, these behaviors 
are emergent properties of the whole system. 

The process described by Kugler and Turvey 
is typically referred to as self-organization. 
This is just yet another way of saying that 
the organization, order, or patterns in the 
behavior are not imposed by some extrinsic 
agent (like a program). Rather, these 
patterns emerge as an intrinsic property of 
interactions among the components. 

Note that even though a program 
might be considered internal (i.e., stored 
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somewhere in the head) it is still an extrinsic 
agent relative to the patterns of behavior 
that it specifies. That is, there is always an 
implied programmer. Also, note that there 
are simple programs in the heads of the 
insects in the Kugler and Turvey model. 
However, these programs do not specify the 
patterns of behavior at the level of the shapes 
of the nests. 

In contrasting the information 
processing framework with the complex 
systems framework the issue is not whether 
or not there are internal constraints (i.e., 
reflexes, rules, expectations, e.g., a desire to 
see your grandmother). The key to the debate 
is the degree of specificity of those programs. 

From the dynamical systems 
perspective, the problem with classical 
information processing approaches based on 
a computer metaphor is that they typically 
try to fully specify patterns of behavior in 
terms of internal programs or computations 
with little or no consideration for the 
contributions of environmental factors to 
shaping the patterns. 

Of course, just the opposite was true for the 
behaviorist perspective that only considered 
environmental factors and tended to 
minimize the potential impact of internal 
constraints. Neither the information or 
behaviorist perspectives recognized the 
closed-loop coupling between mind and 
matter and the extent to which emergent 
properties depend on the dynamics of this 
coupling. 

Again, both the classical computational 
view of mind and the behaviorist perspective 
that it replaced tended to be searching for 
explanations that fit a billiard ball model of 
causal relations as illustrated in the earlier 
passage from Pinker. In the termite nest 
example, causation is circular, that is, the 
actions of the insects shape the pheromone 
field, while simultaneously that field is 
shaping the actions of the insects. The 
actions and the pheromone field are both 
simultaneously cause and effect. There is no 
sense in which either is logically or causally 
prior to the other. This is a self-organizing 
system. 
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The Cybernetic Hypothesis

Then Rosenblueth let loose a radical idea he and his colleagues were just beginning to flesh out 
in Cambridge. In their work on problems of communication and automatic control, Rosenblueth 
said, they had identified a new realm of orderly processes observable in nature and the human 
world. These new communication processes were not governed by the traditional logic of 
linear, cause-and-effect relations that had driven the scientific method since its inception. They 
were governed by a new logical principle Rosenblueth called “circular causality” - after the 
circuitous feedback loops Wiener and Bigelow had tapped and harnessed in their device for 
predicting the future positions of fast-flying airplanes. 

The new causality was one in which living things and machines alike behaved with purpose. 
It was a sizeable leap, from machines that took aim at targets to creatures and machines with 
aims of their own, and the first formulation in scientific terms of the strange circular logic of 
feedback that lay at the root of all intelligent behavior.8

The quote from Conway and Siegleman 
describes a presentation by Arturo 
Rosenblueth at a Macy Conference in May of 
1942. This small conference was attended by 
neuroscientists such as Warren McCulloch 
and Rafael Lorente de No and anthropologists 
Gregory Bateson and Margaret Mead. The 
series of Macy conferences that followed are 
generally regarded as some of the first steps 
(along with Chomsky’s work in linguistics 
mentioned in the previous chapter) in the 
cognitive revolution to replace behaviorism 
as a dominant paradigm for thinking about 
human behavior. 

A significant event in the evolution of 
the cognitive paradigm was the publication 
of Miller, Galanter, and Pribram’s book, 
Plans and the Structure of Behavior9, in 1960. 
In this book, they introduced the Cybernetic 
Hypothesis to psychology - “namely, that 
the fundamental building block of the 
nervous system is the feedback loop” (p. 26 

-27). The Cybernetic Hypothesis has had a 
huge impact on our images of information 
processing. 

The Cybernetic Hypothesis provided an 
alternative framework for addressing the 
nature of the coupling between stimulus and 
response that seemed to be trivialized in the 
dominant Behaviorist view- where responses 
were reflexive reactions to stimuli (i.e., the 
billiard ball model of causality). It provided 
a format to address the intimate coupling 
identified earlier by Dewey (1896) who saw 
stimulus and response as components of a 
coordinative system:

The stimulus is that phase of the 
forming coordination which represents 
the conditions which have to be met in 
bringing it to a successful issue; the 
response is that phase of one and the same 
forming coordination which gives the key 
to meeting these conditions, which serves 
as instrument in effecting the successful 
coordination. They are therefore strictly 
correlative and contemporaneous.10

Most importantly, the Cybernetic Hypothesis 
provided a framework for addressing the 
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issue of intent or purpose that had been 
ignored by Behaviorists. As Miller et al. noted, 
terms like intent are critical to understanding 

“what makes ... actions meaningful” (p. 59). 
It was clear, from the start of the cognitive 
revolution, that understanding the dynamics 
of closed-loop systems would be critical to a 
science of meaning processing.

Thus, a result of the Cybernetic 
Hypothesis was that feedback loops are now 
included as critical components in our image 
of a cognitive system. Despite the impact of 
the Cybernetic Hypothesis on the images, 
however, the logic of circular causality has 
generally not been fully appreciated by 
cognitive science - where billiard ball models 
of causality still dominate (both in theory 
and in the experimental methods). 

In fact, cognitive science methods 
tend to be designed to break the loops 
between perception and action. Cognitive 

science tends to be organized around open-
loop components within the information 
processing system. Even today, it is quite 
rare to find any research that embraces the 
feedback loop as the fundamental unit of 
analysis. In fact, it is quite rare to find any 
evidence in academic programs in social 
sciences of any serious effort to teach or learn 
about the dynamics of closed-loop systems. 

The goal for the next few chapters is 
to introduce the logic of feedback systems 
as an important model for understanding 
human experience. We will consider the 
problem of control in relation to simple 
servomechanisms. We will consider the 
problem of observation in relation to the 
problem of detecting signals in noise and we 
will link these together in the context of the 
problem of adaptive control, where control 
theory merges into dynamical systems and 
complexity theory. 

The Control Problem

Figure 6.1 illustrates how the components 
of a control system map onto an abduction 
logic and triadic semiotic. The Satisfying 
component of the system is identified as the 
Pilot. It is the source for intention (goals) 
and values. This represents the constraints 
on what the system chooses to do or should 
choose to do in order to thrive (e.g., the 
criteria for a safe landing). 

The Affording component of the system 
is identified as the Plant or the process being 
controlled. This represents the constraint on 
what the system can do (e.g., performance 

envelopes reflecting biological and physical 
constraints on the body or vehicle being 
controlled). 

The Specifying component of the 
system provides the interface between the 
Pilot and the Plant that provides the means 
for coupling perception (e.g., feedback from 
instruments and optical flow) and action 
(e.g., manipulation of body or, in an aircraft 
the throttle, stick, and pedals). It serves both 
as the display or comparator (relating the 
consequences to the intentions – error) and 
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the control effector (relating intentions of the 
pilot to actions of the plant - control). 

The central feature of any control 
system is the comparator. This is where the 
current state of the process is fed back and 
compared with a goal state. Typically, this 
comparison involves the subtraction of the 
current state from the goal state to yield an 
error signal. This subtraction is the signature 
of a negative feedback system. 

If designed properly, negative feedback 
control systems will generally act to reduce 
the error. That is, the control actions will be 
contingent on the error, such that they will 
counteract or reduce the current error. Or in 
other words, the negative feedback system 
will pursue the goal. Thus, the negative 
feedback system, or servomechanism, gave 
social scientists a framework for thinking 
about purposive behavior.

In the social sciences, there is a tendency 
to treat ‘feedback’ as the explanation for 
purposive or goal directed behavior. But 
note that in the preceding paragraph there 
was an important qualification to the claim 
that negative feedback systems will reduce 
error or pursue a goal - that is: ‘if designed 
properly.’ 

What does it mean for a 
servomechanism to be ‘designed properly?’ 
This is the central issue for the field of 
Control Theory - to study the conditions 
that determine the stability and efficiency of 
alternative solutions to the control problem.

A key to appreciating coordination 
within closed-loop systems, or to appreciating 
the dynamics of circles, is to understand that 
feedback does not guarantee that error will 
be reduced or that goals will be followed. An 
improperly designed servomechanism will 

Activity Achieve
 / Explore Error / Surprise

Consequence Intention / 
Hypothesis

Plant Interface Pilot

Figure 6.1 Illustrates the parallels between an abduction engine and a feedback control system. If 
designed properly, this system will tend to reduce errors or in other words will pursue the 
intentions (i.e., goals).
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not necessarily converge on the goal. For 
example, as Wiener11 (1948/1961) wrote:

...under certain conditions of delay, etc. 
feedback that is too brusque will make the 
rudder overshoot, and will be followed by 
a feedback in the other direction, which 
makes the rudder overshoot still more, 
until the steering mechanism goes into 
a wild oscillation or hunting, and breaks 
down completely.12

In fact, it was the unstable behavior of the 
control loops that Wiener and Bigelow 
observed that motivated the interactions 
with Rosenbleuth (neuroscience). Wiener 
(1948/1961) writes:

However, an excessive feedback is likely 
to be as serious a handicap to organized 
activity as a defective feedback. In view of 
this possibility, Mr. Bigelow and myself 
approached Dr. Rosenblueth with a very 
specific question. Is there any pathological 
condition in which the patient, in trying 
to perform some voluntary act like picking 
up a pencil, overshoots the mark, and goes 
into an uncontrollable oscillation? Dr. 
Rosenblueth immediately answered us that 

there is such a well-known condition, that it 
is called purpose tremor, and that it is often 
associated with injury to the cerebellum.

Wiener continues:

We thus found a most significant 
confirmation of our hypothesis concerning 
the nature of at least some voluntary 
activity. It will be noted that our point 
of view considerably transcended that 
current among neurophysiologists. The 
central nervous system no longer appears 
as a self-contained organ, receiving inputs 
from the senses and discharging into the 
muscles. On the contrary, some of its 
most characteristic activities are explicable 
only as circular processes, emerging from 
the nervous system into the muscles, 
and re-entering the nervous system 
through the sense organs, whether they 
be proprioceptors or organs of the special 
senses. This seemed to us to mark a new step 
in the study of that part of neurophysiology 
which concerns not solely the elementary 
processes of nerves and synapses but the 
performance of the nervous system as an 
integrated whole.13
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Although feedback is typically assumed as an 
important attribute of cognitive systems, it is 
rare to find any discussions in this literature 
about the factors that bound the stability 
of feedback control systems. There tends 
to be an implicit assumption that ‘stability’ 
is not a problem for cognitive systems. It 
is a bit ironic that social scientists look to 
the servomechanism as an explanation for 
stable goal directed behaviors - when a 
critical link for connecting early work on 

control mechanisms to neuroscience was 
the similarity between breakdowns in both 
systems. Again, social science programs 
typically offer NO training or exposure to 
the analytical tools for dealing with stability 
in closed-loop systems. The next chapter will 
provide a brief introduction to stability to 
illustrate the problem of reasoning about the 
behavior of a circular system with the billiard 
ball logic of causality.
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Chapter 7CHAPTER 
Controlling

The cartoon to open this chapter shows 
different kinds of ‘walking machines’ where 
each machine is a combination of a child and 
some type of ‘technology’ (e.g., ice skates, 
high heels, etc.). It should not be surprising 
to anyone that to achieve stability with each 
of the different technologies, the child will 
have to use a different type of coordination 
pattern. In essence, for each whole system to 
function as a stable form of locomotion, the 
child will have to adapt in a different way. In 
other words, the child will need to become a 
different type of mechanism (i.e., in control 
theoretic language the child will have a 
different ‘transfer function’ for each context). 
The goal for this chapter is to demonstrate 
this intuition using formalities associated 
with control theory. 

The examples used in this chapter are of very 
simple control systems. But they may be 
difficult for most social scientists who might 
be unfamiliar with the analytic language of 
control theory. This is unfortunate. Will this 
technical material enhance the pedagogy or 
will it be an obstacle? For some this may be 
a hill too hard to climb. However, for others 
this may be the nudge they need to begin 
exploring control theory more deeply. 

Anyone who is seriously interested in the 
behavior of dynamical, closed-loop systems 
can benefit from some exposure to formal 
control theory. Exposure to the formal theory 
will help you to gauge both the value and 
the limitations of control metaphors for 
providing insights into human experience.
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Stability Dynamics: A Simple Example

Figure 7.1 shows a relatively simple example 
of a negative feedback system consisting 
of a time delay, gain, and integrator in the 
forward-loop. With appropriate parameters 
for the time delay (100 ms) and gain (1), 
the step response of this simple circuit will 
provide a good approximation to human 
performance in a simple positioning task 
(e.g., a Fitts Law task1). This circuit is 
sometimes called a velocity control system 
since the velocity of the approach to the 
target is proportional to the size of the error. 

Figure 7.1 illustrates a typical response 
of this system to a step input (i.e., the 
target shifts from one value to another in 
a discrete step). The step response for this 
system would be a rounded step output that 
converges asymptotically on the new target 
position specified by the step input.

How would the step response of this 
system change if the gain parameter were 
adjusted? 

Given the fixed time delay of (100 ms) 
what would happen if we adjusted the gain 
for this system to be different from 1? 

Is a gain of 1 the ideal gain for achieving a 
one-to-one match between the input and the 
output? Suppose we increased or decreased 
it by a factor of 10, what would the effect on 
the response of the circuit be? 

1) Would the size of the output step 
be changed proportionally with the 
increase or decrease in gain? 

2) Would a gain of .1 result in a response 
that asymptotes on a step at 1 tenth the 
height of the input? 

3) Would a gain of 10 result in a response 
that asymptotes on a step that is 10 
times the height of the input? 

You might try to imagine how the output 
for this system would change with a change 
in gain from 1 to a gain of 10 before you 
continue reading.

Those not familiar with closed-loop 
systems (almost everyone) are surprised to 
learn that in this closed-loop system the gain 
does not determine the size of the output 
signal, but rather it determines the speed at 
which the output will converge toward the 

Error Output

Time delay IntegrationGain
Input

Figure 7.1 A simple feedback (time delay = .1 s, gain = 1) system with a step input. How will the Output 
response vary as a function of the Gain parameter? Under what conditions will the Output 
converge to match the input?
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input. The gain determines the sensitivity to 
error. 

Very low gains will result in a “sluggish” 
response to the change in target position (i.e., 
the system will be slow to correct errors). 
The output will eventually reach the changed 
target position, but it will take a relatively 
long time to get there. As gain is increased 
(i.e., sensitivity to error is increased), the 
speed of corrections will increase. 

However, at some point the higher 
gains will cause the response to overshoot 
the changed target position, before gradually 
converging back to the target. At still higher 
gains the output will oscillate around the 
changed target position before settling down, 
and at still higher gains the oscillations will 
actually grow over time - so that the output 
diverges, never settling down on the target. 

The case where high gain leads to 
diverging oscillations is what Wiener was 
referring to as ‘excessive’ feedback and this 
pattern of diverging oscillations is the type 
of behavior observed in some movement 
disorders (e.g., purposive tremor associated 
with cerebral palsy) and it also appears 
occasionally in complex human-machine 
systems (e.g., high performance aircraft), 

where it is typically referred to as pilot 
induced oscillations2.

Figure 7.2 illustrates the range of output 
behaviors as a function of the gain parameter. 
It should be clear from this illustration that 
feedback alone does not guarantee that the 
output will converge to the target. This is one 
of the fundamental issues of Control Theory - 
to identify those special conditions that lead 
to stable control - or more generally to study 
those factors that determine the boundaries of 
stable control. In natural closed-loop systems 
(with inevitable time delays) there will always 
be a speed-accuracy trade-off. That is, there 
will always be a limit to how fast a goal can be 
reliably approached (i.e., a limit to the gain).

In general, the range of stable gains 
will depend on the size of the time delay. As 
time delays increase the upper bounds on 
gains that will produce stable control will get 
lower. That is, with longer time delays the 
system will need to be less aggressive (more 
conservative, more cautious, less sensitive) 
in responding to errors in order to avoid 
oscillatory or unstable responses3. 

In designing automatic control 
systems much of the attention is given to 
minimizing unnecessary time delays and in 
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then determining an appropriate gain for the 
forward loop - in order to insure a relatively 
fast, but stable response to errors.

In human-machine systems the gain 
is typically a joint function of the control 
interface (e.g., the gain setting for the mouse 
on a computer) and the human (e.g., the 
scaling of the manual response to observed 
error). 

You may notice this when you use a 
computer system that has the mouse gain 
set differently than on your own computer. 
If the gain is higher, you may find yourself 
initially over-correcting and oscillating 
around the target before finally capturing 
it. If the gain is lower, then the new system 

will feel sluggish. However, it will typically 
not take you long to recalibrate to the system 
gain and to make adjustments so that the 
combined gain (Human + Plant) results in 
reliable target acquisition. 

It is very difficult to infer the dynamics 
(i.e., the stability properties) of the simple 
system illustrated in Figure 7.1 using 
simple cause-effect reasoning. When I (the 
first author) began working with control 
systems in graduate school, I can remember 
struggling to try to trace the error around the 
circuit in order to predict the behavior of this 
system. It simply will not work! 

The appropriate analytic language for 
describing this simple system is differential 

Very low gain
Sluggish

Very high gain
Unstable

Figure 7.2 This diagram illustrates a range of outputs for the control system illustrated in Figure 7.1 as 
a function of the gain parameter. For very low gains, the response will ‘sluggishly’ converge 
to the target. For very high gains, the response will become unstable with oscillations that 
diverge from the target. At intermediate gains, the response will range from relatively rapid 
convergence to the target without overshoot to converging oscillations as gain is increased 
within this range.
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equations. See Jagacinski & Flach (2003)4 
for an introduction to the logic of simple 
control systems. With control systems (and 
differential equations) the focus shifts from 
operations on ‘points’ (isolated in time) to 
operations on functions (i.e., patterns over 
time).

The main point of this example is to 
illustrate that feedback does not explain 
stable goal-directed behavior. The ability 
of a negative feedback system to produce 
an output that follows a goal depends on it 
being tuned appropriately. In the case of this 
very simple circuit, the tuning depends on 
the gain relative to the time delay. 
In fact, all natural closed-loop systems will 
exhibit a speed-accuracy tradeoff. That 
is, there will generally be a limited range 

of gains that result in satisfactory stable 
performance. When gain is too low, the 
response will be sluggish (too slow). When 
gain is too high, the response will be unstable 
(overshooting and oscillating around the 
intended target). The discipline of Control 
Theory provides analytic tools to help 
designers choose the right gain to achieve 
robust solutions to control problems (e.g., in 
the design of autopilots). 

The other point to consider is whether 
there is any way to infer the dynamics of 
stability using a classical billiard ball model 
of causality. Again, you can try chasing the 
error signal around the circle to see if you can 
discover the actual dynamics of this simple 
system. However, it is unlikely that this will 
lead to a satisfying solution.

The Frequency Domain

In analyzing the stability of closed-loop 
systems, engineers find it particularly 
useful to examine the open-loop frequency 
response. The open loop response is the 
combined response of the elements in 
the forward loop (that is from the error as 
input to the output). For linear systems, the 
combined response of the elements to a 
sine wave at a specific frequency will be a 
sine wave at that same frequency. However, 
depending on the nature of the elements, 
the sine wave can be altered in terms of 
amplitude and phase. 

The open-loop frequency response of 
the system in Figure 7.1 for three different 
sine waves is illustrated in Figure 7.3: at the 

lower frequency (.1 radians/s) the output 
sine was amplified, at the intermediate 
frequency (1 radian/s) the output sine 
wave was equal in amplitude to the input 
sine wave; and at the higher frequency 
(10 radians/s) the output sine wave was 
attenuated. Note that all three sine waves 
are also shifted in phase.

Figure 7.4 illustrates the open-loop 
gain (or amplitude response) and the open-
loop phase response as a function of log 
frequency using a format known as a Bode 
diagram. The horizontal axis is the frequency 
of the input sinusoid in radians/s. 

The top function shows the amplitude 
ratio (in db) between the input and the output. 
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At the point where the gain function crosses 
the horizontal axis (at 0 db) the amplitude 
or gain ratio is 1 (i.e., the output sine wave 
will be at the same amplitude as the input 
sine wave). This point is referred to as the 
crossover frequency. For frequencies below 
the crossover frequency the gain ratio will 
be greater than 1 (the output sine wave will 

be amplified relative to the input sine wave 
in the open loop response – will be tracked 
well in the closed-loop response); and for 
frequencies above the crossover frequency 
the gain ratio will be less than 1 (the output 
sine wave will be attenuated relative to the 
input sine wave in the open-loop response – 
will be filtered in the closed-loop response). 
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Figure 7.3 The open-loop sinusoidal response for the system in Figure 7.1 at three different frequencies. 
The input signal is in grey and the output signal is in black. 

0.1 radians/s

1 radians/s

10 radians/s



111

For the closed loop system, the crossover 
frequency reflects the bandwidth. That is, 
for those frequencies below the crossover 
frequency, the output of the closed-loop 
system will follow the inputs very closely 
(i.e., these signals will be tracked well) 
due to the high open-loop gains. For those 
frequencies above the crossover frequency, 

the closed-loop system will not follow the 
inputs well (i.e., these signals will be filtered) 
due to the low open-loop gains. 

Thus, the system illustrated in Figure 
7.1 is typically referred to as a low pass filter. 
This system will follow or ‘pass’ the low 
input frequencies so that they appear in the 
output (i.e., are tracked well) and will tend 

1 10
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Phase Response

Gain Response
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Figure 7.4 The open-loop frequency response for the system illustrated in Figure 7.1. The Bode format 
shows Amplitude ratio (gain) and Phase Shift as a function of input frequency.
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to attenuate or filter-out the higher input 
frequencies that will not appear in the output 
(will not be tracked well).

The open-loop response in Figure 
7.4 provides useful information about 
the stability limits of the closed-loop 
system in Figure 7.1. For the closed-loop 
system response to be stable, the open-
loop gain MUST pass through zero db 
before the phase shift passes through 

-180 degrees. Otherwise, the system will 
exhibit the unstable oscillations that are 

similar to the motor ataxias that stimulated 
the collaboration between Wiener and 
Rosenblueth. 

Thus, typical indexes of stability are the 
gain margin (i.e., how far below 0 db the gain 
response is when the phase response crosses 

-180 degrees) and the phase margin (i.e., how 
far above -180 degrees the phase response is 
when the gain crosses through 0 db). A well-
designed control system will have an open-
loop response with positive gain and phase 
margins.

The Crossover Model: An Empirical Example

Research by McRuer and his colleagues and 
others5 to model the human pilot provides 
an empirical example to illustrate a control 
theoretic framework for evaluating human 
performance and human machine systems. 
Figures 7.5, 7.6 and 7.7 illustrate the logic 
and results of McRuer and Jex’s research 

using a simple compensatory tracking task, 
where the task of the operator was to use a 
joystick to keep a cursor on a center mark 
on a CRT display. The task required that 
the operator ‘compensate’ for a disturbance 
signal (composed of a sum of sinusoids) that 
would move the cursor off the mark.

Error Response

Sum of Sines
Disturbances

Compensatory
Display

Plant
(independent

Variable)

Human
?

Control

Human + Plant
?

Figure 7.5 Illustrates the experimental task used in the McRuer and Jex (1967) studies of human tracking. 
Plant dynamics was a variable and the goal was to assess the human transfer function.
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Figure 7.5 illustrates the experimental 
manipulations. In this experiment, the 
independent variable was the plant (i.e., 
simulated vehicle or process) dynamics, the 
dependent variables were the human control 
action and the plant response, and the 
‘stimulus’ was a quasi-random disturbance 
(i.e., sum of sine waves) that the human 
needed to compensate for in order to keep 
the cursor centered in the display (i.e., to stay 
on course or minimize deviations from the 
center mark). 

This arrangement allowed assessment 
of the transfer function of the human, as the 
relation between the displayed error and 
the control response; and also the transfer 
function of the system (human + plant) as 

the relation between displayed error and the 
plant response. 

The critical experimental manipulation in 
the study was the plant dynamics. Three 
different plant dynamics were used:

1) A position control in which the plant was 
simply a proportional element or gain. 
In this case, a step change in control 
position resulted in a proportional 
step change in the plant position 
(e.g., 1 degree displacement in stick 
position resulted in a 10 pixel change 
in cursor position). This is analogous 
to a position sensitive computer mouse 
controlling a cursor on the screen.

Plant Human Human + Plant

Positon (zero-order)

Velocity (first-order)

Acceleration (second-order)

Kp Kh e  /s-ts Kp Kh e  /s-ts

Kp /s

Kp /s2

? ?

? ?
Figure 7.6 This figure provides a partial illustration of the logic of McRuer and Jex’s (1967) research 

program to model the human pilot.
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2) A velocity control in which the plant was 
a gain and an integrator. In this case, a 
step change in control position resulted 
in a proportional change in the plant 
velocity (e.g., 1 degree displacement of 
the stick position resulted in a cursor 
velocity of 10 pixels per sec). Some 
controllers for scanning documents use 
this type of control, where the scan rate 
is proportional to displacement of the 
control icon.

3) An acceleration control in which the plant 
was a gain plus two integrators. In this 
case, a displacement in control position 
resulted in a proportional acceleration 
(e.g., 1 degree displacement of the stick 
position resulted in an acceleration 
of 10 pixels per sec2). This is roughly 
analogous to the initial response 
of pressing the accelerator in a car. 
Although the acceleration of the car 
would not remain constant for a fixed 
displacement, as it would for the 
simple acceleration control used in 
these experiments.

The different plants are illustrated in 
Figure 7.6 using a sketch of their open-loop 
frequency response using the Bode plot 
format described in the previous section 
and the Laplace transform6 of the transfer 
function. 

The upper graph in each box plots the 
logarithm of the output to input amplitude 
ratio on the vertical axis vs. the sinusoidal 
frequency on the horizontal axis (using a 
log scale). This is an index of the gain – or 
the bandwidth of the system – showing 
the range of frequencies that the system is 
particularly sensitive to (those where gain is 
above 0 db). Gain above 0 db indicates that 

signals at that frequency will be tracked 
well (i.e., compensated). Gain below 0 db 
indicates that signals at that frequency will 
not be tracked or compensated. 

The lower graph in each box plots the 
input to output phase lag on the vertical axis 
vs. the sinusoidal frequency on the horizontal 
axis. The phase lag is an index of the delay in 
reacting to the error. Together, the amplitude 
and phase pattern represent a ‘model’ of the 
processes inside the ‘black box.’ The key is to 
understand that unique patterns in the Bode 
space are associated with unique transfer 
functions for the element being modeled.

In addition to the different plant 
dynamics, Figure 7.6 shows human 
performance for the position control 
condition and system performance (human + 
plant) using the open-loop transfer function 
response (in the Bode format). 

Using the Laplace domain, the 
performance of the human plus plant is 
simply the product of the two transfer 
functions. One of the advantages of the 
Bode format is that the transfer functions 
are graphically additive since the plots use a 
log/log space. The logarithms of successive 
amplitude ratios (upper graphs) and the 
successive phase lags (lower graphs) are each 
additive for these linear approximations to 
behavior. 

The pattern for the gain indicates 
that the human + plant will track the low 
frequencies well (because gain for those 
frequencies is above 0 db), but will track the 
higher frequencies poorly (with gains below 0 
db). In this case, the human + plant have the 
characteristics of a ‘low pass filter’ similar to 
that for the system illustrated in Figure 7.1.
Before the results for the other conditions 
are presented, we ask the reader to try to 
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generalize from the results of the position 
control problem to the other two conditions. 

Using the billiard ball logic typically 
associated with causal reasoning, it would 
be tempting to treat the transfer function of 
the human obtained in the position control 
condition as representative of the human 
processing mechanisms. In this case, the 
open-loop response suggests that the human 
is essentially a lag (an approximate integral 
processor) with a time delay or, in other 
words, a low pass filter. Based on what we 
know about the information processing 
limits of humans, this seems like a quite 
reasonable general model. 

Thus, it is tempting to assume that 
the human transfer function would take the 

same form for the other two experimental 
conditions. In other words, the expectation 
is that the patterns in the middle column, 
representing the human transfer function 
would be similar across the conditions, and 
that the functions in the far right column 
would be essentially the sum of the parts 
(i.e., the product of the individual transfer 
functions). In other words, the frequency 
response characteristics obtained for the 
human using the position plant, should 
generalize to the other experimental 
conditions.

Figure 7.7 illustrates the actual results 
obtained. First, note the distinct qualitative 
changes in the Bode response for the human 
component. 

Plant Human Human + Plant

Positon (zero-order)

Velocity (first-order)

Acceleration (second-order)

Lag + time delay

Gain + time delay

Lead + time delay

Integrator + time delay

Integrator + time delay

Integrator + time delay

Kp Kh e  /s-ts Kp Kh e  /s-ts

Kp /s

Kp /s2

Kh e  -ts

Kh e   s-ts

Kp Kh e  /s-ts

Kp Kh e  /s-ts

Figure 7.7 This figure summarizes the conditions (plants) and results (human and system response) for 
compensatory tracking experiments (after McRuer and Jex, 1967).  The Human + Plant has 
a relatively invariant form (Integrator + Time Delay) where the amplitude ratio (upper graph 
in each box) crosses over the horizontal frequency axis.
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In the position control condition, the human 
would be modeled as a lag (an approximate 
integrator) and a time delay. However, in 
the velocity control condition, the human 
response suggests a model consisting of 
a gain and a time delay (responding to 
all frequencies, rather than emphasizing 
the low frequencies). In the acceleration 
control condition, the human response 
suggests a model consisting of a lead (an 
approximate differentiator) and a time delay 
(responding primarily to high frequencies, 
while deemphasizing the low frequencies). 
The transfer function for the human is NOT 
invariant. 

This represents a fundamental flaw in 
the logic of dyadic approaches to cognition 
that attempt to model human performance 
independently from the problem context. 
The pattern of performance shown in Figure 
7.7 provides clear evidence that context 
matters! 

The human transfer function varies 
depending on the dynamics of the plant 
being controlled. In terms of the opening 

cartoon, the child must be a different type of 
machine (i.e., a different transfer function) in 
order to achieve stable locomotion with each 
different device (i.e., plant).

Although the transfer function for the 
human varies from condition to condition, 
the open-loop transfer function for the 
human plus the plant is the simple product 
of the transfer functions of the components, 
and, most importantly, its form is invariant 
in the region where the amplitude ratio 
function in the upper graph crosses over the 
horizontal axis, which corresponds to zero 
decibels or a unity amplitude ratio. This 
invariance is often referred to as the McRuer 
Crossover Model. 

Perhaps, you recognize the invariant 
form for the human + plant system. This is 
a form that meets the stability requirements 
described in the previous section. High gain 
at the low frequencies means that signals in 
those frequency ranges will be tracked well, 
but to meet the stability requirements the 
gain passes through zero db before the phase 
shift passes through -180 degrees. 

Max Werhtheimer and Kurt Koffka7
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Thus, the invariant pattern represents the 
necessary conditions for satisfactory control. 
The human transfer function adapts so that 
in combination with the plant dynamics the 
forward loop (i.e., human + plant) will satisfy 
the demands for stable control!

In closed-loop systems, constraints 
at the system level constrain the ‘shapes’ of 
the components. So, although the whole is 
in some sense a function of the parts – the 
parts do not determine the whole. In fact, 
just the opposite is true. The parts must 
change or adapt to satisfy constraints on the 
whole, otherwise the system will be unstable 
(i.e., it will not survive). This is an important 
challenge for reductionist approaches to 
cognition. The dynamics of stability are an 
emergent property of the whole that cannot 
be found in the components. However, 
that global emergent property is, in fact, a 
determining factor in shaping the behavior 
of the components.

Thus, the dyadic relation between 
the human and the interface can only be 
understood in the context of the more holistic 
triadic semiotic system that includes the 

ecological constraints (in this case, the plant) 
as an intrinsic component of the system. In 
essence, the stability constraints reflect 
holistic properties of the experience that 
constrain the properties of the components. 
These ecological constraints are fundamental, 
not derivative! 

Note the similarities between the 
adaptive tracking and the earlier termite 
nest-building example. Like the simple 
preferences of the termites there is a 
constraint at the level of the human – a time 
delay is an invariant property of the human 
transfer function (although the duration 
of that delay may not be strictly invariant 
across conditions). However, like the termite 
example the global properties of the ‘system’ 
are not determined by those constraints. 
Rather, in both cases there are properties 
of the whole (the shape of the termite nest 
and the stability of the tracking) that are 
‘emergent.’ That is, these properties cannot 
be found in the parts. In both cases these 
emergent properties reflect ‘system level’ 
constraints that in large part determine the 
shape of the component elements.

B = f(P,E)Testing implications
of concepts in
new situations

Concrete
experience

Observations
and

reflections

Formation of abstract
concepts and

generalizations

Figure 7.8 Kurt Lewin described human behavior as a joint function (emergent property) of the person 
and the environment [B = f(P,E)].
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Of course, the value of considering the parts 
or elements in relation to functional wholes 
was recognized by psychologists from the 
earliest days. Ehrenfels8 originally motivated 
the idea of gestalt qualities using the example 
of melody in music. A melody retains its 
unique quality when transposed to different 
keys or played on different instruments. 
Thus, the quality of melody is an emergent 
property that remains invariant over changes 
of the elemental notes. 

Further, one might say that the quality 
of specific notes is determined by their fit 
within the melody. This contrasts with the 
conventional reductionist view that the 
melody is the sum of the individual notes. 

But of course, the fact that the melody does 
not depend on any specific note creates a 
problem for this conventional view.

Figure 7.8 illustrates the Gestalt 
psychologist, Kurt Lewin’s9 construct of 
field theory, in which human experience is 
described as an emergent property of the 
interaction between the individual and 
the situation. Note the similarities with 
Neisser’s Perception Cycle (Chapter 3) 
and with our illustration of the Abduction 
dynamic (Chapter 5). Once again we see the 
circular organization and the role of concrete 
experience (pragmatics) in shaping the 
emergent concepts (beliefs) that in turn are 
‘tested’ through future actions.

Getting off the Ground10

On October 7, 1903 Samuel Pierpont Langley 
catapulted his Great Aerodrome with Charles 
Manly on board from the roof of a houseboat 
anchored in the Potomac River. This was a 
first, highly publicized attempt at powered 
flight. It failed. A second attempt was made 
on December 8th, and again the Aerodrome 
immediately crashed into the Potomac. 
Fortunately, Manly escaped without serious 
injury. After the second failure, an editorial 
in the New York Times suggested that it 
would be one million to ten million years 
before man would fly. 

However, just nine days later, on 
December 17, 1903, the Wright Brothers 
made their first successful flight at Kitty 
Hawk. Why did the Wright Brothers succeed 
where all others had failed? 

While Langley had built an engine and wings 
to meet the requirements for manned flight 
based on his careful models, he neglected 
the human-machine interface. The flight on 
October 7th was Manly’s first experience in 
an aircraft – and an aircraft with a minimal 
control system! 

Here was a classical case where the 
‘human factor’ was an after thought. Langley 
focused on wings and engines, but gave little 
consideration to the problem of control. He 
had models for the wings and engines, but 
he didn’t have a model for how the aircraft 
would be piloted, placing his faith in Charles 
Manly to make this Aerodrome work once 
the vehicle was in the air. 

In 1899, when the Wright Brothers 
began their explorations into flight, they 
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were quite surprised to learn that there was 
little work to address the problem of balance 
and control. Most assumed that an aircraft 
would be steered with a rudder, much like a 
boat. Few before the Wrights realized that for 
a coordinated turn it would be necessary to 
bank the aircraft. 

From the start, the Wrights focused 
on the control problem. First, discovering 
through observations of bird flight and 
intuitions from controlling bicycles how to 
use roll to effect a coordinated turn, then 
developing the control system (i.e., wing 
warping) and spending an extensive amount 
of time training themselves to use the control 
system using kites and gliders. It was only 
when they had mastered the control problem 
that they turned their attention to designing 
an engine. Their most important patents are 
on the control system, not on the aircraft per 
se.

There were of course many important 
factors contributing to the first successful 
flight (e.g., discovering errors in previous 
lift tables). However, perhaps the thing that 
differentiated the Wrights from all others 
was their focus on the control problem and 
the resulting ‘human-centered’ approach 
(designing a control system and training 
piloting skill as an essential part of the 
engineering problem). 

It is tempting to see parallels between 
the Wrights approach to flight and the Xerox 
PARC approach to computing11. A significant 
part of the success of the first personal 
computers designed at PARC reflected the 
attention given to making functionality 
more accessible through innovations at the 
interface. The focus on putting control into 
the hands of users has created a company 
that is now the most profitable company in 
the world. 
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Where others were focusing on circuit 
boards and code, Apple was focusing 
on the user experience. Where Langley 
focused on wings and engines, the Wright 
Brother’s focused on the pilot experience. 
Note that the engine and wings (and circuit 
boards and code) have to be right for the 
system to work. But getting these right is 
not sufficient! Or perhaps more precisely, 
it is impossible to define ‘right’ (or good) 
without considering the larger problem 
associated with piloting (i.e., the functional 
user experience). A holistic perspective 
framed around the full experience seems to 
be critical for innovation.

A final important point, with regards 
to the control problem is that, in finding the 
appropriate solution to the inherent speed/
accuracy tradeoffs involved in closed-loop 
control (i.e., finding a good or satisfying 
solution), the goal is rarely to minimize error. 
It is important to realize that it is not “error” 
per se that determines the quality of the 
control dynamic, but rather the consequences 
of error. 

In most natural contexts, the 
consequences of error are not proportionally 

related to the errors. For example, in 
driving, deviations that are within the ‘lane’ 
have very little consequence, compared 
to deviations that take you into the line of 
oncoming traffic. A good control system 
is not designed to eliminate all errors, but 
rather to minimize those errors that have 
large negative consequences. 

Also, as we will see in the next chapters, 
errors can have positive consequences 
in that they provide information about 
the situation dynamics that may help the 
system adapt in order to avoid potentially 
disastrous consequences, and perhaps also 
to take advantage of potentially positive 
opportunities. This is a key property of 
Taleb’s construct of antifragile12. 

Antifragile systems are systems that 
thrive on variability (e.g., small errors). 
The information associated with this 
variability becomes the source for learning or 
improving fitness in an uncertain, changing 
environment. The pursuit of innovation in 
design may depend on making errors, and 
learning from each one. 

The point of this chapter is to suggest 
that control theory provides a particularly 

Robert W. Taylor13
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useful perspective on the triadic semiotic 
dynamic. The most important lesson of 
control theory is that there are constraints 
at the systems level (e.g., stability) that are 
fundamental. These constraints cannot be 
discovered through analysis of isolated 
components. Further, the components 
themselves are shaped by the larger 
ecological context. 

Thus, to understand the various 
forms that the components take, it might be 
better to look to the larger context, rather 
than breaking the components into more 
elementary parts. The point is that the 
circular semiotic dynamic is a fundamental 
element. Any reduction below that level 
may destroy essential properties of the 
phenomenon of experience that cognitive 
scientists hope to understand and that 
designers hope to influence.

From a pedagogical perspective, using 
simple classical control systems rather than 
more obviously psychological phenomena 
may not be the best way to illustrate 
this. However, the goal in doing this is to 
suggest that the qualities associated with the 
dynamics of circles are derived from basic 

systems principles that are independent of 
the particular substances that compose the 
circles. 

The dynamics of stability are invariants 
that apply to electrical circuits, hydraulic 
circuits, mechanical circuits, biological 
circuits, and cognitive circuits. The question 
for cognitive psychologists is not whether 
control theory applies, but whether cognitive 
phenomena involve closed-loop dynamics 
(e.g., feedback). 

If cognitive phenomenon involves 
closed circuits, then there is little room 
for debate about whether the principles 
of dynamic systems theory apply. If 
psychology is to become part of the larger 
singular SCIENCE that William James’ 
imagined, then it must be framed in a way 
that is consistent with the larger systems 
perspective. Otherwise, it will remain one of 
the plural, little sciences that will never add 
up to a complete understanding of human 
experience.

Nassim Taleb14
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Chapter 8
Observing

This chapter will examine closed-loop circuits 
from a different angle. Whereas control looks 
at the circuits as a means for reaching and 
maintaining a goal, observation looks at these 
same circuits from the perspective of making 
judgments about the world. That is, these 
circuits can be a means for filtering out the 
‘noise’ in order to accurately judge (perceive) 
the state of the world (e.g., determining the 
average height of a population based on 
samples or observations). 

In control or observer systems the 
comparator is the point at which the output 
is fed back and ‘compared’ with the input 
to compute an error (or surprise) signal. In 
typical engineered control systems such 
as that illustrated in Figure 7.1, the system 
is designed so that the comparator simply 
involves subtraction of one signal from 
another to get a third signal. That is, all 
signals are in a comparable currency (e.g., 
electrical current) that allows subtraction of 
one (i.e., the feedback) from another (i.e., the 
target or goal) to get the third (i.e., the control 
signal). But this is rarely true in every day life. 

Consider the novice pilot learning to land. 
The goal might be a particular approach path 
or simply a soft contact at a particular region 
of the runway. The feedback would be in the 
form of optical flow through the windows 
and/or information presented on the cockpit 
instruments (e.g., airspeed). These two very 
different types of signals must somehow be 
compared in order to specify appropriate 
movements of the controls (e.g., stick, 
throttle, rudders). 

How does the pilot know whether she is on 
the right track to satisfy her goal of a soft 
landing? If she is off track, how does she 
know what control action or combination of 
actions (e.g., adjusting the throttle or stick or 
both) will correct the error?1

It should be clear that for the pilot 
and more generally for most cognitive 
or biological control systems, the signals 
involved in the comparator process may be 
in diverse forms or currencies, as illustrated 
in the opening cartoon. Thus, comparing 
feedback to intentions in order to specify 
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actions is not a trivial process. In fact, this is a 
central issue for control theory - to determine 
the dimensionality of the state space or in 
other words, to identify what variables 
must be fed back in order to guide action in 
a particular situation (e.g., as a function of 
different vehicle dynamics). 

This is also probably the central issue 
for skill development - attuning to the 
feedback that specifies the appropriate 
actions with respect to the opportunities and 
consequences2. In Gibsonian terms, this is the 
problem of specification of affordances3. In 
the earlier example of judging position on the 
ground from Langewiesche, a key advantage 
of the angular coordinate system is that it 
allows direct comparison of position on the 

ground relative to the possibilities of landing. 
In other words, the currency of optical angle 
helps to simplify the comparator problem.

Figure 8.1 shows a simple feedback 
system to illustrate the comparator problem 
from the perspective of the observer problem. 
This system has a gain and two integrators 
in the forward loop. Consistent with the 
discussion in Chapter 7, the Gain determines 
the sensitivity to error. Because of the two 
integrations in the forward loop, the output 
from the Gain element determines the 
acceleration of the output. This is a dynamic 
that is consistent with many movement tasks 
(e.g., vehicle control or body movement) in 
a world governed by inertia. For example, 
the initial response of deflection of the 

Error Output

Gain IntegrationIntegration
Input Acc. Vel.

-

Figure 8.1 A second-order control system in which the Gain determines the acceleration of the response 
(output).
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accelerator or brake is a change in velocity 
(i.e., acceleration or deceleration) of your car.
What do you suppose that the response of 
this system would be to a step input, and 
how might this response change as a function 
of the lone parameter in the forward loop - 
the Gain? 

Is there any Gain value that will result 
in an asymptotic approach to the step change 
in the target? 

Somewhat surprisingly in the context 
of naive discussions of feedback systems, 
the answer is “No.” Here again is a situation 
that illustrates that feedback is not sufficient 
to insure convergence with the input. In fact, 
the response of this system to a step input is 
a sine wave output. The speed of oscillation 
of this sine wave (i.e., its frequency) is 
determined by the value of the Gain 
parameter. A higher Gain produces a higher 
frequency response. There is NO value of 
Gain that will lead to convergence of output 
with the input target! 

Figure 8.2 shows an alternative system 
that includes feedback of both the output 

position and the output velocity. This system 
can result in an output that will converge 
to the input target, if the feedback of 
position and velocity are combined with the 
appropriate weights. 

Heavy relative weight on the velocity 
component will lead to ‘sluggish’ or 
conservative approaches to the target. 
Less relative weight on velocity will lead 
to more aggressive approaches - with a 
damped oscillation at very low weights 
and, as described above, a non-converging 
oscillation at zero weight on velocity. 

Depending on the relative weights 
on position and velocity this system will 
achieve a similar range of responses to that 
described for the low-pass filter in Chapter 
7 (from sluggish to oscillatory). Knowing 
what variables to attend to is an important 
component of the observer problem – and 
of course is a property that will differentiate 
experts from novices with respect to skill. 
A general implication of the behavior of the 
systems illustrated in Figures 8.1 and 8.2 is 
that for control of an inertial system (e.g., a 

Error Output

Gain IntegrationIntegration
Input Acc. Vel.

-

+ +

Relative
Weight

Figure 8.2 Stable goal following can be achieved in a second order system if feedback includes both 
position and velocity of the output.
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car) position feedback alone is insufficient. 
The system must have feedback about both 
position and velocity in order to control the 
vehicle. 

For example, in order to stop the car in 
front of an obstacle on the road (e.g., stopped 
line of traffic), a driver must take into account 
both distance to the obstacle and the speed of 
approach. Current research suggests that for 
visual control of locomotion, this information 
is specified in terms of angular relations, as 
in the earlier piloting example. 

The angular extent (e.g., the projected 
visual angle of the taillights of the preceding 
vehicle) and the angular velocity (e.g., rate 
of expansion of the that projected angle) of 
the object in the visual flow field provide 
the essential state information about the 
imminence of collision4.

In most natural situations, cognitive 
systems must deal with many different 
potentially useful sources of feedback 
that may or may not be relevant to 
meeting a particular functional objective. 
Differentiating the diagnostic feedback (i.e., 
the signals) from the non-diagnostic feedback 
(i.e., the noise) is thus an important concern 

in the design of an effective control/observer 
system (or semiotic system). 

The challenge that intrigued Wiener 
and Bigelow as they struggled with the 
design of systems for guiding artillery 
during World War II was not the design of 
simple servomechanisms, as is part of social 
science lore. Rather, the key problem was 
to predict the future states of the aircraft. 
Wiener5 writes:

Our actual collaboration resulted from 
another project, which was likewise 
undertaken for the purposes of the last war. 
At the beginning of the war, the German 
prestige in aviation and the defensive 
position of England turned the attention 
of many scientists to the improvement of 
anti-aircraft artillery. Even before the war, 
it had become clear that the speed of the 
airplane had rendered obsolete all classical 
methods of the direction of fire, and that 
it was necessary to build into the control 
apparatus all the computations necessary. 
These were rendered much more difficult 
by the fact that, unlike all previously 
encountered targets, an airplane has a 
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velocity which is a very appreciable part 
of the velocity of the missile used to bring 
it down. Accordingly, it is exceedingly 
important to shoot the missile, not at the 
target, but in such a way that missile 
and target may come together in space at 
some time in the future. We must hence 
find some method of predicting the future 
position of the plane. 

This problem of determining the state of 
a system (either now or in the future) is 
typically referred to as the observer problem. 
In the specific context of anti-aircraft 
guidance, the problem of predicting the 
path of the aircraft might be characterized 
as discriminating the signal (e.g., past and 
current states that are relevant to the future 

states) from the noise (e.g., past and current 
states that are not relevant). 

In the absence of the evasive maneuvers 
the path might be predicted based on a 
smooth extrapolation from the current 
states of motion (e.g., position and velocity). 
However, an anti-aircraft system guided by 
such extrapolations might easily be evaded 
by a smart pilot. That is, for a craft directed 
by a smart pilot, a system whose guess about 
the future state of the aircraft was based on a 
simple extrapolation of the path from current 
states would almost always guess wrong due 
to the evasive maneuvers of the pilot.

As a practical matter, effective control 
will almost always involve anticipating or 
predicting future states. For example, to hit 
a baseball you have to ‘guess’ where the ball 
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will be at the time your bat gets to the hitting 
zone. To hit a receiver racing down field, the 
quarterback ideally would like to ‘lead’ the 

receiver, throwing the ball to the point that 
the receiver will reach without breaking 
stride.

Signal Detection

The observer problem is typically introduced 
in the cognitive sciences in terms of signal 
detection theory as illustrated in Figure 8.3. 
For example, remember the first time your 
parents left you alone at home perhaps to 
babysit for your younger siblings. Part of 
your job was to listen for any invaders that 
might be a danger to you or your siblings. 
This required that you discriminated 
the normal sounds of the house and 
neighborhood at night (i.e., the noises) from 
the sounds that an invader might make (i.e., 
the signal). Note that in terms of the loudness 
of the sounds, there might be large overlap 
between the normal creaks of the house 

and ambient neighborhood noises and the 
sounds that a stealthy invader might make. 
Was that sound a burglar or was it a cat in 
the alley? Should I call my parents or not?

In signal detection theory, the 
discriminability of signal and noise is 
parameterized with d’ and the decision rule 
for identifying a signal is parameterized 
with the value beta. Together, these two 
parameters will determine the performance 
of the observer in terms of the number of hits 
(i.e., detecting a burglar when one is present); 
misses (e.g., failing to detect a burglar in 
time to protect the home); false alarms (e.g., 
calling the parents to come home when 

Wayne Gretzky quote
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in fact no burglar is present); and correct 
rejections (e.g., ignoring the normal house 
creaks because there is no threat).

The d’ parameter reflects the difficulty 
of the discrimination due to the similarity 
between signal and noise as a function of 
the sensitivity of the perceptual system. The 
beta parameter reflects higher cognitive 
processes that might be associated with 
both the expectations about the world (e.g., 
whether you believe a burglar is likely) and 
with the relative values and costs associated 

with the various possible outcomes (e.g., hits 
versus false alarms). Ideal Observer Theory 
provides analytical means to chose a beta 
parameter to maximize performance relative 
to particular value systems. 

Note that signal detection theory 
assumes a triadic perspective on the semiotic 
problem. That is the discriminability of 
signal and noise (d’) will depend both on 
properties of the receiver (the agent) and on 
properties of the signal source (the ecology). 
For example, how stealthy the burglar might 
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Figure 8.3 Illustrates the problem of signal detection.
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be. The optimality of the choice of a decision 
criterion (beta) will depend on an external 
criterion or value system (e.g., the payoff 
matrix), which may reflect both internal 
preferences of the agent (e.g., embarrassment 
associated with false alarms) and external 
consequences in the ecology (e.g. whether 
the burglar is armed). 

It is important to emphasize that the quality 
of the Observer will be a function of the 
consequences of the errors as reflected in a 
payoff matrix. As with control systems it is 
not necessarily about eliminating errors, but 
rather it is about minimizing the costs of 
those errors.

Figure 8.4 maps the observer problem 
onto the triadic components of the abduction 
logic or triadic semiotic system. In fact, 
the observer problem is almost directly 
analogous to the abduction problem as 
formulated by Peirce. That is, the problem of 
abduction is how biological systems ground 

their beliefs about nature (i.e., estimations or 
predictions of the state of the world) based 
on experience (i.e., integration of noisy past 
observations). 

In essence, the past is a noisy signal 
with respect to inferring the current state or 
predicting the future - just as the trajectory of 
the aircraft is a noisy signal with respect to 
where it will be when the missile arrives. This 
is the central problem of cognitive systems 

- to generalize, based on past experiences, 
in order to respond more effectively to a 
somewhat uncertain future. In other words, 
to apply what you have learned in the past 
toward achieving future goals.

Figure 8.4 shows an observer linked 
to a signal source through a comparator. 
The observer samples the signal source in 
order to test hypotheses (i.e., to compare the 
current state with predictions). The difference 
between the actual state and the prediction is 
labeled surprise and this surprise is fed back 
and integrated to make future predictions or 

Activity Achieve
 / Explore Error / Surprise

Consequence Intention / 
Hypothesis

Signal
Source Comparator Observer

Figure 8.4 Illustration of the observer problem in the context of an abduction system.
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hypotheses. Thus, the observer tests beliefs 
about the world by comparing predictions 

about that world with the outcomes from 
empirical experiments (samples).

Iterative Application of Bayes’ Theorem

The signal detection problem is typically 
framed in terms of a single observation – is 
that sound a burglar? However, in most 
natural situations, information is acquired 
over time. That is, you might hear a sound 
that gets your attention. A second sound 
might lead to an increased suspicion 
that someone is breaking into the house. 
Confidence in this suspicion may grow or 
fade as a result of additional observations. 

Bayes Theorem provides an analytic 
prescription for adjusting probability 
estimates on the basis of new information. 
The iterative application of Bayes Theorem 
can be illustrated using the classical Book Bag 
and Poker Chip problem6. In this problem 
there are two identical book bags filled with 
red and blue poker chips. One bag (the Red 
Bag) contains 70 red chips and 30 blue chips. 
The other bag (the Blue Bag) contains 70 blue 

chips and 30 red chips. One of the two bags is 
picked randomly. Then chips are sequentially 
sampled (with replacement) from the bag 
and the task is to estimate the probability 
that the Red Bag was chosen.

Obviously, before any chips have been 
chosen, the probability that the Red Bag was 
chosen is 50% (i.e., the initial hypothesis or 
the prior probability). However, if the first 
chip chosen is red, how much should your 
estimate be revised (i.e., what would be 
the posterior probability)? If this chip was 
replaced and a second sample also produced 
a red chip what would your new estimate 
be of the probability that the Red Bag was 
chosen? And what if three red chips in a row 
were chosen? 

Table 8.1 provides the information 
needed to compute the likelihood of the Red 
Bag given that a red chip was chosen. The 

Events Blue BagRed Bag

Blue Chip

Red Chip

p(BC|RB)*p(RB)

p(RC|RB)*p(RB)

p(BC|BB)*p(BB)

p(RC|BB)*p(BB)
0.7*0.5=0.35

0.3*0.5=0.15

0.3*0.5=0.15

0.7*0.5=0.35

Figure 8.1 Cells show the various probabilities for the various possibilities in the Book Bag and Poker 
Chip Experiment.
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relevant data is in the row associated with 
choosing the red chip. The cell under the 
column Red Bag gives the probability of a red 
chip, given the Red Bag and the cell under 
the column Blue Bag gives the probability 
of a red chip, given the Blue Bag. The 
probability that it is the Red Bag is simply 
the probability of red chip given the red bag, 
divided by the sum of the probabilities for 
the red chip given all possibilities (Red Bag 
+ Blue Bag).

The posterior probability would be:

.35/(.35+.15) = .70

This process can be applied iteratively to 
compute the posterior odds in the case where 
a second red chip is drawn. In this case, the 
Prior Odds on this iteration would be the 
Posterior Odds from the first iteration. The 

.5 probability that the Red Bag was chosen 
in the first cell would now be .7. Thus, the 
value in that cell would be .7 x .7. The prior 
probability for the Blue Bag, after drawing a 
previous red chip would be .03. The value in 
that cell would be .3 x .3.

The new posterior probability would be:

.49/(.49+.09) = .84

Figure 8.5 shows how the estimate of the 
probability that the Red Book Bag was 
chosen would increase with each consecutive 
selection of a Red Chip. The data in Figure 
8.5 reflect the performance of an Ideal 
Observer with respect to the Book Bag and 
Poker situation. 

When humans are asked to make 
estimates in this task - they tend to be 
far more conservative in revising their 
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Figure 8.5 This graph shows how judgments of the probability of the Red Book Bag should be adjusted 
for successive samples of Red Chips as prescribed by Bayes’ Theorem.
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hypotheses, relative to the prescriptions of 
Bayes’ Theorem7. One hypothesis to explain 
this is that the conservative behavior of 
humans reflects an intrinsic information 
processing limit. 

Alternatively, a second possibility 
(that will be explored further in the next 
chapter) is that the Book Bag and Poker task 
is not representative of the natural context of 
human experience, so that the conservative 
behavior reflects an over generalization from 
smart strategies developed in more typical 
situations. The Book Bag and Poker task 
again reflects a closed system in which the 
possibilities are countable. That is, we know 
the exact number of chips and the exact 
number of book bags, thus we know the 

denominator for computing the probabilities. 
In everyday life, we almost never know 
all the possibilities (again consider Taleb’s 
Black Swan8). In this case, exact probabilities 
are not computable and a conservative or 
cautious strategy for changing hypotheses 
may be wise9. We will come back to this 
example in the next chapter.

Bayes Theorem provides a simple 
observer model that is consistent with 
the closed loop dynamics of an abduction 
logic that iteratively revises its beliefs (e.g., 
hypotheses) about the world, based on 
experience (e.g., samples). Recently, there 
have been increasing interest in using 
Baysian logic for building computational 
simulations of mental processes10.

Estimation

Figure 8.6 illustrates a simple circuit 
(identical to the circuit in Figure 7.1) from 
the perspective of the observation problem. 
In this case, the signal is a step response, 
however the observed input is a noisy signal 

(step input + random noise). This system 
also involves negative feedback, where 
the estimate or prediction based on earlier 
inputs is fed back and compared to a current 
observation. The difference between the 

Surprise Estimation/
Prediction

Time delay IntegrationGain
Signal + noise

Figure 8.6 A simple observer system.
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prediction and the observation is labeled 
as surprise. This circuit, if appropriately 
tuned, will act to minimize the surprise. That 
is, predictions will be adjusted based on 
differences with the current observation so 
that over time surprise will be reduced.

Based on what you learned in Chapter 
7, how do you think the gain parameter will 
impact performance? That is, if the goal is to 
minimize the impact of noise on observations 
(to filter the noise), would higher or lower 
gains be preferred?

Figure 8.7 illustrates the response 
of this simple observer as a function of the 
gain parameter (with zero time delay). The 
dashed step function represents the signal. 
The solid line represents the observations 
(signal + noise). 

As you can see when the gain is very 
low the noise is effectively filtered out of the 

response. In the early phase, the prediction 
is essentially the mean of the signal + noise 
function, resulting in an elimination of the 
random noise and an accurate estimate of the 
signal. However, with low gain the system 
is very slow to respond when the signal 
actually changes (the step transition).

When the gain is very high this simple 
observer will respond very quickly to the 
change in the signal associated with the 
step transition. However, the high gain will 
cause it to chase the noise - it will respond 
quickly to any variation (whether due 
to noise or actual change in signal). The 
challenge of Ideal Observer Theory is to find 
the appropriate gain -- one that will find a 
satisfactory balance between filtering noise 
and following real changes in the signal.

This example again illustrates the 
bounds that shape the observation process. 
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Figure 8.7 Response of a simple observer as a function of the gain parameter. Low gains will effectively 
filter out noise, but will be sluggish in responding to real changes (the step transition). High 
gains will respond quickly to real changes (the step transition), but will tend to chase the 
noise.
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The ideal or optimal solution to the observer 
problem depends on the larger context of 
the problem – the holistic, triadic semiotic 
dynamic. In particular, it depends on the 
costs of following the noise (i.e., false alarms) 
relative to the costs of a sluggish response to 
real change (i.e., misses). 

Setting the gain for the observer is 
analogous to setting the beta in the discrete 
signal detection problem. However, the 
observer brings in the dynamics of change 
over time into the picture. For example, 
consider the problem of not simply detecting 

a burglar, but consider making the judgment 
about potential changes in your local 
neighborhood. 

Does a recent series of local burglaries 
reflect a change in the neighborhood 
(perhaps, it is time to consider moving), or is 
this just an anomaly (i.e., the neighborhood 
remains relatively safe on average). Or 
in a basketball game, does a sequence of 
consecutive successful shots indicate that a 
player is “hot” or “in the zone” or is it simply 
consistent with expectations based on the 
player’s average shooting percentage?

Summary

In everyday life, the information available to 
us for controlling actions is not necessarily 
in a form that allows direct comparison with 
our goals, intentions, or values. In the context 
of economic decisions, Dan Ariely11 observes 
that, “we don’t have an internal value meter 
that tells us how much things are worth.” 
Thus, we have to estimate the values needed 
from the information available. 

Ariely provides several examples 
of how our choices can be ‘biased’ as a 
function of the information available to 
us. For example, restaurants can boost 
revenues by including a high-priced entrée 
on their menus. Although people rarely 
choose this higher-priced entrée, they will 
pick the second highest priced option more 
frequently – presumably because it seems 
to be a relatively good value. In effect, the 
‘value’ of a menu option, compared to our 
goals to have a ‘good’ meal, involves a 

relative estimate based on the other options 
on the menu. 

For biological and cognitive systems 
the problems of control and observation 
go hand-in-hand. For example, a decision 
about moving to a new neighborhood (i.e., a 
control action) might depend on the ability 
to judge whether the safety of the current 
neighborhood is changing (i.e., an observer 
problem). For engineered control problems, 
the observer and control problems are 
typically solved in the design process. 

The engineer decides based on an 
analysis of the controlled processes, what 
‘state’ variables to measure and how to 
weight these measures to filter signal from 
noise (the observer problem) and to satisfy 
functional values and objectives (e.g., a 
payoff matrix) (the control problem). The 
control and observer problems are typically 
solved “off-line” and then implemented 
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in terms of the parameters (e.g., gains) in a 
specific control solution. 

However, for biological systems, many 
of the control and observation problems 
must be solved “on-line.” That is, the child 
learns to walk by walking – to roller skate 
by skating, to play an instrument by playing, 
etc. In other words, it is only in the process 
of solving the control problems that the data 
available for tuning the gains to find a stable 
or robust solution to the observation and 
control problems can be discovered. 

For safety critical systems (e.g., aircraft, 
nuclear power plants, surgery) it can be 
quite risky to learn by doing. Thus, in these 
systems it becomes important to tune the 
‘system’ through carefully designed training 
programs, typically involving simulations or 
graded stages of exposure to minimize the 
possibility of catastrophic failures early in 
the learning process. For example, the Wright 
Brothers learned to fly through a graded 
series of exercises using kites and gliders 
before they attempted the more dangerous 
task of powered flight. Similarly, surgeons 
usually are trained through a graded series 

of exposures to increasingly more difficult 
and risky procedures.

In using graded or part task training 
to build up to the challenges of a complex 
domain it becomes important to make sure 
that the simplification or partitioning of the 
tasks are done in ways that preserve the 
relevant ‘state’ variables of the process. So, 
that the rules and strategies developed in 
the training scenarios will result in rules and 
strategies that will be effective in the target 
work domains12.

Simulators are often used in some 
of these safety critical domains to allow 
people to fail without the risk of catastrophic 
consequences. From the perspective of 
control and observation, the point of the 
training is to help the participants to identify 
the appropriate ‘state variables’ (i.e., the deep 
structure of the problem) and to discover the 
appropriated weighting of those variables 
(i.e., the gains or betas) that will lead to 
effective decision rules. 

Thus, successful training protocols 
should be designed to include scenarios 
that make the deep structure salient to the 
participants, and to provide constructive 
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feedback for tuning the decision rules to 
reflect the appropriate domain values (e.g., 
the payoff matrix). In doing this, a major 
factor is the degree to which the scenarios 
used in training are representative of the 
situations that the trainees will face in their 
everyday work domain13. 

While training is used to shape 
people’s internal models, these models can 
also be shaped directly through interface 
design. In essence, the implications are that 
the interface should make the relevant state 
variables and the relevant decisions rules 
‘visible’ and ‘salient’ through the design of 
representations. 

Thus, the same types of analyses that 
control engineers apply in the design of 
automatic control systems should be applied 
in the design of interfaces. All the important 
state variables should be identified and 
included, and the configuration and salience 
of these variables should ‘bias’ the operator 
toward decision rules or strategies that lead 
to robust control. 

For example, for controlling second 
order systems as illustrated in Figure 8.1, 
an effective interface involves a ‘quickened’ 

display. That is, the position and velocity 
feedback are combined into a single point 
that reflects a satisfactory weighting of 
position and velocity. With this display, by 
responding to the position of the cursor, 
the person is actually responding to a pre-
weighted integration of position and velocity, 
as required for stable control (Figure 8. 8)14.

The quickened display reflects a very 
simple control problem. For more complex 
problems the challenge is to identify the 
relevant ‘state’ variables and the potentially 
effective control strategies. This is the point 
of cognitive work analysis – to uncover the 
deep structure of the problem domain so 
that interface and training systems can be 
designed to meet the requirements for stable 
observation and control15. When the critical 
variables are perceptually salient in the 
representation, the right strategies will often 
be the intuitively most natural choice for 
operators. 

In linear control systems it is analytically 
possible to treat the observer problem and 
the control problem sequentially16. It is 
also quite convenient for both pedagogical 

Dewey
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and practical purposes to decompose the 
system into separate ‘stages’ of information 
processing (observing, deciding, etc.) and to 
consider the constraints and ideals for each 
component in isolation. However, the control 
solutions generated through this approach 
will be bounded by the assumptions made 
about each component. 

If the assumptions do not match well 
with the demands of the ecology, then there 
is a significant possibility that these control 
solutions will be sub-optimal at best, or 
catastrophically unstable in the worse case. 
This will be particularly true if the systems 
include nonlinear components – where a 

small change in one component can result in 
dramatic performance consequences. 

How is it possible to design a control 
solution to be successful in a future context 
that the designer is uncertain about? 
Practically, in order to control or shape the 
future it is necessary to anticipate it. 

The challenge to design control systems (i.e., 
combinations of observers and controllers) 
that will adapt to maintain stability in the 
face of situations that may change in ways 
not anticipated at the design stage brings us 
to the problem of adaptive control considered 
in the next chapter. 

Position error

Velocity Position of quickened
cursor = F(pos,vel)

Target

Figure 8.8 Quickening can be a very effective display for compensatory tracking with a second-order 
plant (acceleration control or inertial system control). The quickened display shows the cursor 
as a pre-weighted sum of position and velocity error. In responding to the quickened cursor 
position, the tracker would be effectively responding jointly to position and velocity error. 
Thus, it reflects the critical states of the inertial system (see Figure 8.1). 
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Chapter 9
Muddling Through

The book bag and poker chips experiment, 
discussed in relation to Bayes’ theorem in 
Chapter 8, provides a good place to start 
thinking about more complex decision 
making and problem solving in the face of 
uncertainty. 

To remind you, one of two bags was 
chosen. One bag has 70 red chips and 30 
blue chips and the other has 70 blue chips 
and 30 red chips.  Chips are drawn one-at-a-
time and the task is to judge the probability 
that the red (or blue) bag was chosen. 
Bayes’ theorem provides a good candidate 
for a computational model of this task - 
since all the information to determine the 
probabilities needed to apply Bayes’ theorem 
is given in the problem1. 

However, an important issue to consider 
is whether this task is a good representation 
of decision-making in everyday life? For 
example, would this task be representative of 
the task of a physician trying to diagnose and 
treat a patient? Or of a businessman trying to 
choose an investment? Or of an intelligence 
analyst trying to anticipate terrorist threats? 

Or of a family buying their first home? Or of 
a couple deciding whether to start a family? 

Here is our idea for a more representative 
version of this task:

A bag is chosen from among many bags 
- you don’t know exactly how many. 
You know a little about some of the bags. 
For example, you know there is one bag 
with all blue chips, but that most of the 
bags contain various numbers of various 
different colors, some including blue. For 
most of the bags you don’t know how many 
chips they contain and you don’t know how 
many different colors there are, much less, 
the distribution of colors in every bag. Now 
suppose that one bag is chosen and then a 
blue chip is chosen from the bag. What is 
the probability that it was the bag with all 
blue chips?  What is the probability that it 
is a bag with mostly blue chips? What is 
the probability that you drew the only blue 
chip in the bag?
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For this example, Bayes’ Theorem is not 
of much help, since you don’t have the 
information needed to do the computations. 
The contrast between the classical bookbag 
and poker chip experiment and this example 
illustrates the difference between a closed 
system and an open system, or what Herbert 
Simon and Allen Newell called a well-defined 
problem versus an ill-defined problem. 

Bayes’ Theorem works for the closed 
system or well-defined problem -- in the 
classical problem all the information needed 
for the computations is available. In essence, 
the field of possibilities is fully specified. 

Thus, there is no need to consider the larger 
context. 

However, in the alternative version 
and in most natural situations the field of 
possibilities is almost never completely 
specified. There are always possibilities 
beyond the horizon of the immediate 
situation (or experience) that could be 
significant (e.g., black swans). These 
problems reflect what Simon and Newell 
called ill-defined problems, and are the type 
of problems that people are challenged with 
daily.

Herb Simon
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The alternative version of the book bag and 
poker chip experiment is very similar to 
an example that Peirce2 used to introduce 
the logic of abduction and to compare it to 
deductive and inductive arguments in terms 
of different permutations of the same three 
terms. In this context, Peirce suggested that 
we could frame a valid deductive argument 
about the chips as follows:

Major Premise:
All the chips in this bag are blue.

Minor Premise:
These chips are from this bag.

Conclusion:
These chips are blue.

Peirce described the inductive form of the 
argument that could be made as follows:

Observation 1.
These chips are from this bag.

Observation 2.
These chips are blue.

Generalization:
All the chips in this bag are blue.

Note that the two observations in this second 
example do not prove that all the chips are 
blue. As long as there were chips left in the 
bag (e.g., when choosing with replacement) - 
no number of blue chips would prove that all 
the chips in the bag were blue.

So, the generalization is supported by 
the observations, but not proven - according 
to the prescriptions of induction. However, 
as more and more blue chips are chosen, 
it would be reasonable for confidence in 

the generalization to increase, just as it is 
reasonable to expect that the Sun will rise in 
the east tomorrow. 

This is shown quantitatively with 
the steeply increasing probability function 
shown for the Bayes Theorem solution to the 
standard problem in Chapter 8. Note though, 
that one inconsistent observation (i.e., a non-
blue chip) would be sufficient to disprove the 
generalization.

Pierce suggested that there was another 
interesting permutation of these three 
sentences:

Known fact: 
All the chips in this bag are blue.

Observation (surprise):
These chips are blue.

Hypothesis:
These chips are from this bag.

This third arrangement, Pierce argues, 
is most representative of the context of 
common everyday reasoning. That is, we 
start with some knowledge about the world, 
but not complete knowledge (e.g., we know 
about some of the chips in some of the bags, 
i.e., that there are many different colors and 
that most of the bags are made up of mixed 
colors, but that at least one bag has all blue 
chips).

Then some event attracts attention 
(e.g., a pile of chips all of the same color 
blue). This would be a surprise in a world of 
many different colored chips, where most of 
the piles encountered might be a random mix 
of the colors. As a surprise, it would beg for 
some explanation. How did this come to be? 
Thus, evoking a hypothesis. Aha! This 
surprise would be resolved, if these chips 
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were all drawn from the bag that I know 
contains only blue chips! This hypothesis is 
held as a belief, until a better explanation is 
discovered - perhaps you learn that Mary 
loves the color blue and that she is collecting 
blue chips - Aha! Perhaps Mary created this 
pile. 

An important difference between the 
deductive form of logic versus induction and 
abduction is that deductive logic is analytical 
and evaluative. That is, it is designed to 
evaluate observations relative to a preexisting 
rule or law (which is accepted as truth). The 
deductive form starts with an established 
fact or known truth (i.e., the major premise), 
as the context of observations.

Induction and abduction on the other 
hand are both generative. That is, they are 
designed to generate hypotheses about 
possible general laws from observations. 
They are more forward looking and as a 
consequence the evidence involved is more 
tentative. The ultimate test of the hypothesis 
is in the future. In essence, both induction 
and abduction are means for predicting the 
future, rather than evaluating it. 

However, the formal rules of induction 
make the measure of a hypothesis the 
form of the argument, whereas, abduction 
explicitly makes the measure of a hypothesis 
the future consequence of a belief. With 
abduction, the hypothesis is ‘tested’ against 
future experiences (e.g., learning that 
Mary is collecting blue chips) or against 
the consequences of actions guided by that 
hypothesis. 

Note that the situation of the chips and 
bags is much different than the situations 
typically considered in the context of skill-
based control. For example, when you are 
surprised by the response of the brakes in 
a car (e.g., in a strange rental car, or due to 

a change in the road surface such as black 
ice), you typically get immediate, fairly 
unambiguous feedback from action on the 
brake to help you to calibrate your hypothesis 
about how to manage the braking. 

In this case, there will be strong 
evidence (and perhaps selective pressure or 
significant negative consequences) against 
false beliefs. However, in the case of the 
chips and bags -- there is a rather tenuous 
relation between the hypothesis and the 
evidence or feedback. For example, there is 
neither time nor capacity to search all the 
bags and enumerate all the chips. You do not 
have direct access to the evidence needed to 
directly test your hypothesis about where the 
chips came from.

In many natural contexts, the 
uncertainty is unresolvable. For example, in 
the case of medical decision-making there 
may NOT be an opportunity for a strong 
test of a hypothesis/belief relative to the 
functional context. 

Did the patient recover because of the 
treatment or in spite of it? 

The doctor may never have a definitive 
answer to this question. Similarly, in the 
context of attribution, it may be difficult to 
definitively attribute specific behaviors of 
other people to either their personalities or to 
situational factors. 

If it is true that most of the problems 
of life are ill-structured, that is, that they 
are complex and rife with uncertainty, is it 
possible to make ‘good’ or ‘right’ decisions? 

Perhaps, in these complex situations 
success may depend on making the decision 
right (or making the decision work), rather 
than on making the right decision. 
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In complex situations, the problem may 
be more analogous to adaptive control 
(i.e., making continual adjustments to 
incrementally satisfy the functional goals 
– muddling through), than the problem of 
discretely choosing a right option from a 
fixed set of alternatives. The loose coupling 
between a ‘right’ choice and a successful 
adaptation was illustrated by Karl Weick3 
(1995) using the following story (illustrated 
in the opening cartoon): 

The young lieutenant of a small 
Hungarian detachment in the Alps sent a 
reconnaissance unit into the icy wilderness. 
It began to snow immediately, snowed 
for 2 days, and the unit did not return. 
The lieutenant suffered, fearing that he 
had dispatched his own people to death. 
But on the third day the unit came back. 
Where had they been? How had they made 
their way? Yes, they said, we considered 
ourselves lost and waited for the end. And 
then one of us found a map in his pocket. 
That calmed us down. We pitched camp, 
lasted out the snowstorm and then with 
the map we discovered our bearings. And 
here we are. The lieutenant borrowed this 
remarkable map and had a good look at it. 
He discovered to his astonishment that it 
was not a map of the Alps, but a map of the 
Pyrenees. 

Weick concludes that this story suggests the 
possibility that “when you are lost, any map 
will do.” 

He continues:

The soldiers were able to produce a good 
outcome from a bad map because they were 
active, they had a purpose (get back to 

camp), and they had an image of where they 
were and where they were going. They kept 
moving, they kept noticing cues, and they 
kept updating their sense of where they 
were. As a result, an imperfect map proved 
to be good enough. The cues they extracted 
and kept acting on were acts of faith amid 
indeterminacy that set sensemaking in 
motion. Once set in motion, sensemaking 
tends to confirm the faith through its 
effects on actions that make material what 
previously had been merely envisioned 
[sic].  (p. 55)

Charles Lindblom4 (1959), in his classic paper 
“The Science of ‘Muddling Through,’” comes 
to a conclusion similar to that of Peirce and 
Weick.

Lindblom noted that for complex policy 
decisions, the comprehensive evaluations 
that are suggested by normative models of 
decision-making are typically impossible:

Although such an approach can be 
described, it cannot be practiced except 
for relatively simple problems and even 
then only in a somewhat modified form. 
It assumes intellectual capacities and 
sources of information that men simply do 
not possess, and it is even more absurd as 
an approach to policy when the time and 
money that can be allocated to a policy 
problem is limited, as is always the case. (p. 
79)

Lindblom offered a more heuristic program 
of incremental adjustment as a more realistic 
alternative to the classical, normative 
approaches to policy making. He called this 
heuristic, trial and error process: ‘muddling 
through.’ 
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Twenty-years after his classic paper 
Lindblom5 (1979) comments:

Perhaps at this stage in the study and 
practice of policy making the most common 
view … is that indeed no more than small or 
incremental steps – no more than muddling 
– is ordinarily possible. But most people, 
including many policy makers, want to 
separate the ‘ought’ from the ‘is.’ They think 
we should try to do better. So do I. What 
remains as an issue, then? It can be clearly 
put. Many critics of incrementalism believe 
that doing better usually means turning 
away from incrementalism. Incrementalists 
believe that for complex problem solving it 

usually means practicing incrementalism 
more skillfully and turning away from it 
only rarely.

In the next chapter we will draw a stronger 
contrast between those who look to the 
‘ought’ for a measure of man and those 
who choose to measure man against the ‘is’ 
as reflected in practical decision making in 
naturalistic contexts. 

However, for this chapter, we 
will consider some tentative images for 
‘muddling through’ that are motivated by 
developments in control theory and field 
observations of expert problem solving. 

Self-Organization or Adaptive Control

As metaphors for cognitive systems the 
simple controller and observer models 
(including the iterative application of Bayes 
Theorem) have the same problem as raised 
for the conventional logic-based explanations 
of human behavior illustrated with the 
Pinker example. These simple systems 
are mechanisms and there is an implicit 
homunculus who is solving the design 
problem (choosing the right gains). 

For control and observer mechanisms, 
the stability and the signal to noise problems 
are solved by the engineers or designers 
based on a priori analyses of the control 
situations. 

The challenge for cognitive science is 
to discover how biological and cognitive 
systems solve these problems in the context 
of contemporaneous engagement. 

How do these systems simultaneously 
wrestle with and solve the problems 
associated with control (e.g., finding the right 
gain for correcting errors) and observer (e.g., 
distinguishing between the error signal and 
the noise) theories? 

How do they determine the 
denominators for computing probabilities? 

How do they deal with unresolvable 
uncertainties that make the application of 
normative decision rules suspect?

Figure 9.1 provides one perspective on 
the abduction system that illustrates that 
the control and observation problems are 
intimately linked in cognitive systems. 
Cognitive systems typically must infer the 
situation dynamics (solve the observer 
problem) while trying to simultaneously 
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achieve some goal or satisfy some practical 
need (solve the control problem). 

For example, an action such as pressing 
the brake in a new rental car is simultaneously 
directed at accomplishing some goal (e.g., 
to stop the car at a specific place) and it is a 
test of a hypothesis or belief about how the 
brakes work (based on previous experiences 
with other cars). This duality between 
observation and control (between perception 
and action) is fundamental to the dynamics 
of cognitive systems. 

The cognitive system must play both 
the role of the control system and the control 
engineer (i.e., the observer). While it tries 
to control the situation it must evaluate its 
own performance and adjust its parameters 

(e.g., gains) in ways to insure stability with 
regards to satisfying intentions. 

Note that phenomenologically 
when the brakes behave as expected (little 
surprise), it feels like control (simple error 
nulling). However, when the brakes do 
not behave as expected (big surprise), the 
situation feels more like problem solving 
(the observer problem). This idea of a control 
system that adjusts its own performance is 
typically referred to as adaptive control.

The need for cognitive systems to be 
both controller and observer, the need to 
function both as real time controller and as 
an engineer (observer/designer) leads to 
what Weinberg and Weinberg (1979) call the 
Fundamental Regulator Paradox: 

Affording Satisfying

Error - Surprise

Specifying

Performatory - Exploratory
Action

Intention - HypothesisConsequence

Figure 9.1 The abduction system must simultaneously solve the observation and the control problems. 
Thus, every link has a dual function in order to couple perception and action.
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To put this into the context of abduction, 
one might say that the success of a cognitive 
system is to satisfy intentions (e.g., goals, 
needs, etc.) and it does this by minimizing 
errors. However, abduction systems learn 
from errors. So, the better job the abduction 
system does, the less opportunity it will have 
to learn. The paradox is that to learn from 
errors, you have to first make errors. 

Weinberg and Weinberg6 (1979) 
illustrate the Fundamental Regulator 
Paradox with the problem of driving over 
changing surfaces. For example, you might 
consider the case of black ice. Is the road 
ahead simply wet, or is it ice? 

A good driver might ‘test’ whether the 
driving situation has changed by introducing 
small ‘jiggling’ actions on the steering wheel 
to potentially cause a small amount of 
skidding. The consequences of the jiggling 
are errors with respect to the intention of 
staying centered within the lane, but these 
consequences are information about the 
potential changes in the situation.  

A novice driver, who does not test the 
situation through jiggling, may not discover 

the change in the situation until she is in an 
uncontrollable skid. 

In essence, the jiggling is one way that 
adaptive systems try to avoid being trapped 
in local minimum solutions [in the neural-
net or parallel distributed processing (PDP) 
literature this might be analogous to the 
technique of simulated annealing - essentially 
shaking things up to avoid being trapped in 
a local minimum]. The information created 
by the exploratory jiggling may lead the 
driver to change to a more cautious driving 
mode. Thus, leading to a more stable control 
system.

Figure 9.2 illustrates a functional 
decomposition of the adaptive control 
problem in relation to three different ways 
that an engineer might introduce outer loops 
to achieve stable adaptive control. 

In Figure 9.2, the thin (wire) arrows 
represent the flow of signals or information 
that is then acted on or processed according 
to the workings of each box (i.e., the transfer 
function - e.g., control Gains). However, 
the fat arrows that close the outer loops are 
signals that change the properties of the 

Jerry Weinberg “The Fundamental Regulator Paradox”
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boxes (e.g., change the control Gains or the 
Expectations within the boxes). 

Note that the inner loop includes 
three modes of action: performatory actions 
are intended to reduce error; exploratory 
actions are intended to test hypotheses; and 
anticipative actions reflect direct action to 
achieve a goal.  

The anticipative path is an open-loop 
response that reflects direct responses to 
the reference (i.e., not dependent on error 
feedback). This open-loop path from the 
reference or goal could reflect actions that are 
shaped by previous experience with the plant 
dynamics (e.g., what has often been called a 

mental model or schema). That is, these are 
pre-programed or automatic responses in 
anticipation of a consequence, rather than in 
response to error feedback.

This is typically referred to as ‘ballistic’ 
control [suggesting that once the action 
is released (fired) it will be completed 
without opportunity for correction via 
feedback]. Motor control research is often 
framed in terms of ballistic (automatic) 
versus continuous feedback control, as 
too incompatible processes. However, it is 
possible that these reflect two components of 
a more complex adaptive control system as 
illustrated in Figure 9.2.

Adaptic
Logic

Anticipative
Action

Performatory
Action

Exploratory
Action

Plant

Expectation
Global

(implicit)

Expectation
Local

(explicit)

Disturbance
or Context

+

-

+

-

+

-

+
+

+

Reference

Feedback

Output

Context Sensitivity

Hypothesis
Surprise

Figure 9.2 This diagram combines an inner (control) loop with outer (adaptive or metacognitive) loops to 
illustrate three styles that engineers use in the design of adaptive control systems.
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Note that although three separate paths are 
included in the inner loop, a single action 
may fulfill any or all of these three roles at 
any moment.  

For example, the intention to brake 
might elicit a ballistic response (based on 
your expectations about how the car will 
behave). However, this response is also a 
test of your internal model. Since, internal 
models will rarely be perfectly tuned to the 
situation, the response might get you into 
the ‘ball park’ of your goal, so that the small 
errors that result can be corrected via the 
feedback loop. Or if the resulting errors are 
large, (e.g., if conditions have changed so 
that your internal model is incorrect), then 
the surprising results of this ‘test’ will be 
information for adjusting the internal model 
via the outer loops. 

The outer loops represent three styles 
of adaptation. The first style of adaptation is 
a direct function of the changing context as 
illustrated in the outer-most loop (context 
sensitivity). For example, the aeronautical 
engineer might compute the appropriate 
autopilot gains for different altitudes and 
pre-program these different Gains into an 
automated control system. The Gains would 
be changed as a function of a direct measure 
of the appropriate context variable (e.g., 
the altitude). This is typically called Gain 
Scheduling. 

In human performance, this path may 
be representative of the phenomenon of 
context sensitivity. That is, the strategy for 
controlling action or the expectations of the 
human agent (e.g., internal schema) may 
change as a function of the perception of the 
situation. 

For example, a smart driver may have 
different internal models for driving in 
different weather conditions. In this case, he 

doesn’t need to test whether the dynamics 
have changed (e.g., dithering the steering 
wheel), rather the simple observation of 
snow may result in the adoption of a more 
cautious driving strategy. 

The next outer loop (hypothesis) in 
Figure 9.2 reflects conscious exploration of 
the dynamics through exploratory actions. 
In engineered systems this might involve a 
low amplitude test signal that is constantly 
input to the plant (i.e., dithering). This input 
is designed to have minimum consequences 
relative to the performance objective (e.g., to 
produce minimal error so that the car stays 
within the lane). However, the changes in 
the properties of the output from this signal 
can be information relevant to detecting 
changes in the plant dynamics.  Deviation 
in the output related to the dithering can be 
fed back and used to adapt the control gains 
(and the expectations). 

As noted above, skilled human drivers 
use a similar strategy to test for possible 
changes in the driving dynamics due to 
changing road conditions. The reference 
signals for this loop are labelled ‘local 
expectations’ to indicate that this loop 
reflects explicit tests of local hypotheses. 
In this loop the human agent is acting as a 
test signal generator and observer - in order 
to detect changes that might be relevant to 
control (stability).

Perhaps play serves a function 
that is akin to the role of dithering in the 
hypothesis loop. That is, the function of 
play is to introduce variations that provide 
the information needed for adapting the 
control system more globally, so that it will 
be better tuned to respond in a wide range 
of situations that are important to ultimate 
success of the system (e.g., survival). 
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So, for example, doing donuts (intentionally 
created skids) in an open parking lot after the 
first snow may be an effective way for the 
cognitive system to adapt to future driving 
conditions. In essence, play is an invitation to 
explore beyond the bounds of local minima, 
in order to search for more globally resilient 
solutions to control problems.

The inner most of the outer loops 
(surprise) represents an approach to adaptive 
control that engineers call ‘model reference’ 
control. With this style of adaptive control 
a normative model of the plant dynamics 
can be simulated in parallel with the actual 
performance.

 For example, this model might be a 
simulation of aircraft performance at some 
nominal altitude. Expectations based on the 
normative simulation can then be compared 
with the actual behavior of the vehicle, 
and deviations from expectation can be fed 
back to adapt the control strategy (and the 
expectations). Note that this does not require 
explicit test signals (e.g., dithering). The 
evaluation is based on the plant response 
relative to the expectations for the normal 
context – that is on the match to expectations.

As alluded to earlier, the engineer’s 
‘simulation’ may be somewhat analogous 
to what cognitive scientists refer to as 
expectations based on knowledge or a mental 
model. This ‘model’ reflects integrated 
experiences from the past that provide a 
backdrop that experts can use to assess 
situations (e.g., your expectations about how 
the brakes in the rental car should respond). 

In some cases, this ‘internal model’ 
operates implicitly - so that experts may not 
become aware of the expectations until there 
is a mismatch. And even when the mismatch 
is noticed, the feedback may only be 
experienced as a vague sense that something 
is not normal. Thus, this might be associated 
with intuitive aspects of expertise. 

Overall, the outer loops in Figure 
9.2 may provide a constructive way to 
think about the general phenomena of 
metacognition; that is, self-awareness or 
our ability to monitor and critique our 
own performance. This is another layer of 
closed-loop, iterative processing in which 
the processes are simultaneously shaping 
their responses and being shaped by those 
responses. Again, this reflects the self-
organizing aspect of muddling through. 
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These are systems that are capable of learning 
from their mistakes – and of course this 
includes the implication that these systems 
do make mistakes.

Adaptive control systems where outer 
loops change parameters of inner loops are 
inherently nonlinear and thus are vulnerable 
to the potential instabilities of nonlinear 
dynamics. The stability of these systems 

becomes a much more difficult analytic 
problem for control theory, particularly 
considering that all three outer loops may 
be acting simultaneously. Like abduction, 
these systems can be trapped in local minima 
(e.g., converge on a degenerate model of the 
plant; superstitious behavior) and they are 
vulnerable to butterfly effects (e.g., a small 
change can cascade having dramatic effects 
with regards to stability).

Hierarchical Control Systems

Note that in generalizing the observer/
control logic to the performance of cognitive 
systems (e.g., Figure 9.2), the box labeled 
‘plant’ represents the problem to be solved. 
In the context of many of the examples used 
to illustrate control systems, this represents 
the physical dynamics of a vehicle (e.g., 
body, aircraft, or automobile) that is being 
controlled. 

However, in many cases, the control 
problem will involve the dynamics of larger 
sociotechnical systems that are far more 
complex, involving the need to satisfy many 
criteria and requiring consideration of many 
‘states’ in addition to the physical properties 
of the vehicle. For these more complex 
problems, it may be useful to unpack the 
‘plant’ with respect to multiple levels of 
control and observation. 

For example, in evaluating pilot 
performance, it may be important to evaluate 
not only the pilot’s ability to ‘steer’ the 
aircraft, but also the pilot’s decision making 
with respect to choices about what goals to 
pursue (e.g., does he choose to deviate from 

the original flight plan to avoid potentially 
dangerous weather situations or perhaps 
to compensate for earlier delays in order to 
meet the goals of an on-time arrival). 

In order to better represent the full 
complexity of cognition, it may be useful 
to expand the traditional servomechanism 
metaphor to better reflect multiple layers of 
the cognitive problem. 

William Powers developed a 
general control theoretic model of human 
performance that is based on a hierarchy of 
nested control systems7. The multiple layers 
in this hierarchical system are linked such 
that outer control loops specify the goals for 
inner loops.  Thus, for example a pilot’s goals 
relative to satisfying safety and efficiency 
demands might specify the targets for the 
piloting loop (e.g., flight paths). 

Figure 9.3 illustrates a hierarchical 
control model for playing tennis. This model 
includes three nested loops, where each 
loop reflects control with respect to different 
aspects of the overall problem (i.e., sub-
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plants) associated with playing winning 
tennis. 

The inner loop reflects the problem of 
hitting the tennis ball. In this context, the 
‘plant’ represents the problem of controlling 
the racket/body in order to hit the ball to the 
right place. 

The middle loop represents control 
with respect to the game of tennis. This loop 
deals with the tactical constraints of the 
game (e.g., the factors that determine what 
shot selections will increase the likelihood 
of winning the point). It controls positioning 
of the player (being in the best position to 
prepare for the next shot) and one output 
is specification of the ‘right place’ to hit the 
ball, which will be the ‘target’ for the inner 
racket control loop. 

The game tactics loop may be nested 
within an outer loop that involves responding 
to the dynamics of a particular opponent. 
That is, the strengths and weaknesses of a 
specific opponent might provide a larger 
context for choosing the game strategy (e.g., 
more aggressive, offensive strategy involving 
attacking the net; or more defensive strategy 
involving controlling the baseline) that sets 
the targets for the game tactics -‘where to be’ 
and ‘where to hit the ball’ – that, in turn, sets 
the targets for the ball hitting loop. 

Note that there are three paths from 
each outer loop to the loop nested within it. 
The first coupling, as emphasized by Powers, 
is that the outer loop may specify the goals 
or targets for the inner loops. Thus, the 
tactics of tennis will specify the target for 

Sitution
Awareness

Opponent
Constraints

Game Control
Logic

Game
Constraints

Ball Hitting
Control Logic

Ball Hitting
Constraints

Intended
Positioning

Values

Information 
About
Hitting

Capacity

Intended
Shot

Values

Shot

Your current
positioning

Opponent’s
positioning

Figure 9.3 This illustrates three layers in a hierarchical control system for winning at tennis. 
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the ball hitting control. Similarly, in the case 
of aviation, decisions related to safety, will 
determine what particular paths a pilot will 
choose to follow.  

Additionally, the outer loop may 
specify values that set the context for 
choosing the parameters for inner loop 
control. These values are not typically 
specified in the control diagrams, but such 
values are reflected in the cost functions 
(e.g., payoff matrixes in signal detection) 
that are the basis for choosing ‘optimal’ or 
‘satisfactory’ control solutions. For example, 
the value functions would reflect the 
preferences relative to speed/accuracy trade-
offs related to the gain parameter for control.  

Finally, actions in the outer loops 
will reflect the contextual changes (i.e., 
disturbances) that the inner loop must 
compensate for in order to meet the goals. In 
the context of the tennis example, the game 
dynamics loop will determine position on the 
court, which in turn will set up the physical 
constraints (i.e., the approach to the ball) that 
must be adjusted for in order to hit the ball to 
the intended place.  

Hierarchical control systems will also 
involve couplings from the inner loops to the 
outer loops. For example, decisions about 
appropriate game tactics for winning tennis 
may depend on a player’s assessment of her 
own hitting ability. A player who has a strong 
baseline game, but who is not confident in 
hitting overhead volleys might prefer a more 
defensive tactic. Thus, choices in outer loops 
may depend on the ability to observe and 
make judgments about stability/variability 
associated with inner control loops. 

A common error of novice players 
is to make tactical choices that are not 
commensurate with their ability level. That 
is, they may create unforced errors by trying 

to hit winners that they don’t have the skills 
to make consistently. 

In the early specification of his 
Perceptual Control Theory (PCT), Powers 
presented strong hypotheses about specific 
layers of control in cognitive systems. This 
led to significant debate and in fact one of 
the early criticism’s of Powers’ approach 
involved the ‘stopping rule’ for adding on 
layers of control. In some cases, this was 
associated with the infinite regress problem 
associated with homunculus-based models 
of control. 

However, in light of the idea of fractals, 
mentioned earlier in relation to the problem 
of measuring a coastline, it seems that the 
infinite regress problem may be a generic 
problem of complexity. The implication is 
that there is no absolutely correct number of 
control levels. The choice of the layers must 
be determined by the scientist/designer/
analyst with respect to the pragmatics of her 
goals. For example, it is certainly possible 
to add inner and outer loops to this tennis 
example. 

The problem of hitting the tennis ball can 
be decomposed into loops associated with 
the different motor components (e.g., leg/
body positioning, swing control). Similarly, 
it would be possible to imagine outer loops 
to reflect questions about ‘why’ someone 
is playing tennis to begin with (e.g., is it a 
recreational or professional activity). Also, it 
is easy to imagine that the individual tennis 
playing system might be nested within larger 
sensemaking systems (e.g., part of a team, or 
a league, or a sports culture).

Thus, there is no ‘control system’ in any 
absolute sense. Identifying the control system 
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is a decision that researchers must make. 
This decision will be informed based on 
metaphysical assumptions (e.g., ontological 
and epistemological choices) and pragmatic 
goals. 

Finally, it should be apparent that as 
we increase the number of variables that 
must be fed back and as we add outer loops 
that change inner loops, the complexity of 

the computations involved expands rapidly, 
thus raising questions with respect to the 
capacity to model this system using any 
analytical models of rationality or of control. 
Perhaps for this reason, those following 
Powers’ approach tend to be quite skeptical 
about analytical models of control systems, 
preferring to use simulations as the basis for 
modeling nested control hierarchies. 

Naturalistic (Intuitive) Decision Making

Gary Klein’s9 program to study decision-
making in naturalistic situations provides 
an alternative perspective on both adaptive 
control and on the nature of human decision-
making. 

This program of research was in part 
motivated by the question of whether the 
biases observed in well-defined laboratory 
decision tasks, such as those conducted in the 
Tversky and Kahneman tradition (that will 

be examined in the next chapter), would be 
characteristic of decision making by experts 
facing ill-defined problems in their natural 
work domains. 

Klein began by studying fire fighters. 
This was a population who often were 
called to make decisions in potentially life 
threatening situations (and conveniently, it 
was a population that was readily accessible). 
Would the experts be somewhat less likely to 

Herbert Simon8
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show the biases that were commonly found 
when college sophomores were tested on toy 
puzzles (e.g., gambles) in a laboratory? 

Does experience or expertise matter? 

Not surprisingly, Klein did discover that 
expertise matters, but not in the way he 
initially anticipated. When he began talking 
to fire fighters about how they made 
decisions, where a decision involved a choice 
between several alternatives, the response 
was that this rarely happens. In fact, a 
common response was essentially, “we don’t 
make decisions, we put out fires.” 

As Klein writes:

I knew that the firefighters couldn’t 
make their decisions by systematically 
comparing all of the possible ways to put 
out a fire because there wasn’t enough time. 
I expected that they would only come up 
with two leading options, and compare 
these to each other. I was wrong. The 
firefighters, especially the more experienced 
ones, some with over twenty years of 
experience, usually just considered a single 
option.10

Klein developed the Recognition-
Primed Decision (RPD) model to represent 
the processes that he observed in naturalistic 
decision-making contexts (Figure 9.4). 
The RPD model suggests that rather than 
comparing alternatives, people typically 
choose one alternative (i.e., hypothesis) 
based on their assessment (or recognition) of 
the situation. 

This hypothesis may be further 
evaluated through mental simulation (e.g., 
by imagining the consequences of the choice, 
such as how the fire would respond to a 

particular decision about where to direct 
the hoses). If the imagined consequences 
satisfy the functional goals, then the actions 
associated with that option are implemented. 

If the evaluation of the situation proves 
problematic (e.g., it is completely unfamiliar, 
there are inconsistencies with expectations, 
or there are no viable options), then more 
data will need to be collected. 

However, if satisfactory hypotheses 
are suggested by the situation assessment, 
then these are evaluated one-at-a-time 
until one is judged to lead to a satisfying 
outcome. That is, the alternative hypotheses 
are not compared - as suggested by classical 
decision theory. Rather, one option is further 
elaborated (what Dunker described as 
progressive deepening) - and this option 
is either accepted as the path for action, or 
rejected. If rejected, then the next option 
is considered. The options are not tested 
relative to the other options, but they are 
tested, one-by-one against the demands of 
the situation (will this work?), and the first 
option that satisfies those demands will be 
the one acted on. 

While the diagram of the RPD model 
is more detailed than our generic diagram 
to illustrate abduction (Figure 9.1), it should 
be clear that the RPD model is an alternative 
representation of a pragmatic, abduction 
logic. This is an adaptive control system that 
generates hypotheses based on situation 
assessment, and then tests the hypotheses 
against the demands of a situation.

An important distinction between the RPD 
model and classical models of decision 
making is that the RPD model emphasizes 
an intimate relation between perception 
(observation) and decisions. This is partially 
consistent with the dynamics of circles. 
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What the RPD model in Figure 9.4 fails to 
include, however, is the feedback from an 
implemented action back into the evaluation 
process. The RPD model closes the loop 
around mental simulations, but it does not 
close the loop around action. Thus, this 
model tends to isolate decision making (i.e., 

mind) from the larger pragmatic context of 
testing actions (and the beliefs and decisions 
guiding them) relative to their consequences 
(i.e., matter). 

The RPD model focuses on choices 
(i.e., ‘making right decisions’), rather than on 
the broader spirit of adaptive control which 
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Figure 9.4 Klein’s complex version of the recognition primed decision model.11
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is more about ‘making decisions right.’ We 
hypothesize that in situations that do not 
involve high risks, the options will often 
be tested by directly acting on them, rather 
than through mental simulations. That is, we 
wonder whether the prominence of mental 
simulations for the RPD model, is a reflection 
of the high risk contexts which Klein has 
studied.

Also, it is interesting to note that the 
patterns associated with recognition-primed 
decision-making are very similar to the 
patterns that Adrian de Groot12 had observed 
with expert Chess players. De Groot noted 
that Grand Masters tended to consider far 

fewer options and to explore those options in 
greater depth than less skilled players. 

A critical difference between experts 
and novices was that the options that the 
Grand Masters consider tended to be among 
the best, suggesting that the Grand Masters 
were better at recognizing the best options. 
A Grand Master once replied to the question 
of “how many options he considered before 
making a move?” with the response, “Just 
one, but it’s the best one.”

Klein’s observations of experts in a 
wide range of fields has confirmed many of 
de Groot’s intuitions about expertise and 
decision-making.

The Logic of Circles

The Cybernetic Hypothesis was very 
important historically in expanding our view 
of psychology beyond simple behaviorism to 
include problems associated with cognition 
(e.g., such as the role of intentions in 
shaping behavioral trajectories). However, 
the fundamental insight associated with the 

Cybernetic Hypothesis and confirmed by 
observations of naturalistic decision-making 
is that biological systems have a circular 
organization that cannot be ignored and that 
cannot be addressed using the conventional 
logic of billiard ball causality. This insight 
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has had limited influence on the field of 
cognitive psychology. 

Experimental and theoretical work in 
cognitive science still tends to be organized 
around the same image of causality that 
proved so valuable to classical physics 
and to Behaviorists. Thus, the information 
processing system is typically viewed as 
a sequence of independent information 
processing stages where the response of one 
stage is the stimulus for the next. 

The goal for this chapter and the 
previous ones was to provide some 
indication of how the logic of circles is 
fundamentally different than the logic of 
billiard ball collisions (i.e., the stimulus-
response model). In an abduction system 
there is no sense in which any signal can be 
identified exclusively as either stimulus or 
response. 

For a cognitive system, what it sees 
shapes how it acts, while simultaneously 
how it acts shapes what it sees. As Gibson13 
(1966) noted, the abilities to walk around 
and move our head are as fundamental 
to how we see the world as the sensory 
mechanisms (i.e., the eyes).  And as Powers 
(1973) emphasized with the term “Perceptual 
Control Theory”, what is being controlled is 
defined in terms of the comparator (i.e., the 
perception of what has happened, relative 
to what was intended), NOT in terms of the 
action. 

In fact, control means getting the same 
outcome, through varying actions to meet the 
demands of different contexts or situations. 
A control system will rarely accomplish the 
same goal in the same way. Although a pilot 
might consistently fly the same approach 
path, the activities of adjusting the controls 
will be different each time reflecting the 
unique conditions (e.g., winds) associated 

with each approach. The pilot controls the 
‘path’ or consequences, not the activities on 
the stick and throttle. 

Alicia Juarrero14 (2002) noted that a 
wink is fundamentally different than a blink. 
A wink reflects a level of organization that 
is fundamentally different than the simple 
reflex of a blink. This organization reflects 
an intentional dynamic that is organized 
to satisfy specific functions. Even though 
cognitive science has shifted the locus of 
cause to mental sources (e.g., internalized 
speech), for the most part, the field has been 
attempting to explain winks, using a causal 
logic that was designed to explain blinks.

In using simple control and observer 
mechanisms to illustrate the dynamics of 
circles there is a danger of trivializing the 
complex dynamics of natural cognitive 
systems. In most natural contexts, cognitive 
systems involve multiple competing goals, 
linked by multiple interacting information 
loops (e.g. neural networks) involving 
nonlinear elements. This is truly a complex, 
“loopy” system. The insect nest building 
example (described in Chapter 6) is a much 
more realistic metaphor than any simple 
servomechanism or observer. The simpler 
control mechanisms, however, can be 
important pedagogically in order to illustrate 
the limits of conventional causal logic. 

Figure 9.2 provides a functional 
description of the adaptive control system 
that decomposes the problem in a way that 
reflects alternative engineering solutions. 
However, this decomposition is certainly 
not a representation of the organization of 
nervous systems. 

In conclusion, the point is to provide 
further evidence that cognitive systems 
require a fundamentally different model 
of causality than the one that has been the 
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basis for much of classical science. The 
language of cause-effect and the reductionist 
experimental methods associated with it 
do not provide an adequate language for 
describing or discovering the dynamics of 
living systems. 

Cognitive systems involve a relatively 
tight coupling of perception and action; 
and a relatively tight coupling between 
situations and awareness. This coupling can 
never be understood as the sum of main 
effects from studying perception and action 
independently. This coupling can never 
be understood as the sum of main effects 
from studying awareness and situations 
independently. 

Going back to Pinker’s15 example of Bill 
taking the bus to see his grandmother. To say 
that Bill’s behavior is caused by a desire to 
see his grandmother trivializes the dynamics 
of this system. Bill’s behavior emerges 
as a complex interaction of properties of 
awareness (e.g., Bill’s preferences and 
desires), properties of the situation (e.g., 
attributes of his grandmother and the 
transportation system), and properties of the 
information that link situation and awareness 
(e.g., bus schedules). 

These complex interactions unfold over a 
long history of interactions (e.g., between Bill 
and his grandmother; and between Bill and 
the transportation system). This history of 
interactions has shaped Bill’s awareness and 
it has shaped his ecology (e.g., the relation 
to his Grandmother). Again, to reduce these 
dynamic patterns over time to a simple cause 
(i.e., Bill wanted to see his grandmother) frames 
the problem in a way that ignores potentially 
interesting aspects of human experience 
(e.g., higher order control loops) that might 
be important for understanding why Bill 
chooses to visit his grandmother at this 
particular time.

More importantly, no matter how 
complex the model computations that link 
the mental event to the physical event, if the 
computations are designed around an image 
where the mental event causes behavior, 
then the computational model misses the 
fundamental intuition underlying the 
Cybernetic Hypothesis. That is, that the logic 
of circles (the logic of life) is fundamentally 
different than the logic of reflexes or rule-
based causal chains. 

Circles muddle through! 
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Dewey16 (1896) recognized that simple reflex 
models of causality would not be adequate 
for understanding human experience long 
before Wiener and his colleagues began to 
develop the mathematics of control theory:

The discussion up to this point may be 
summarized by saying that the reflex arc 
idea, as commonly employed, is defective 
in that it assumes sensory stimulus and 
motor response as distinct psychical 
existences, while in reality they are always 
inside a coordination and have their 
significance purely from the part played 
in maintaining and reconstituting the 
coordination; and (secondly) assuming that 
the quale of experience which precedes the 
‘motor’ phase and that which succeeds it 
are two different states, instead of the last 
being always the first reconstituted, the 
motor phase coming in only for the sake 
of such mediation. The result is that the 
reflex arc idea leaves us with a disjointed 
psychology, whether viewed from the 
standpoint of development of the individual 
or in the race, or from that of the analysis 
of mature consciousness. As to the former, 
in its failure so see that the arc of which 
it talks is virtually a circuit, a continual 
reconstitution, it breaks continuity and 
leaves us nothing but a series of jerks, the 
origin of each jerk to be sought outside the 
process of experience itself, in either an 
external pressure of ‘environment,’ or else 
in an unaccountable spontaneous variation 
from within the ‘soul’ or the ‘organism.’ 
As to the latter, failing to see the unity of 
activity, no matter how much it may prate 
of unity, it still leaves us with sensation or 
peripheral stimulus; idea, or central process 
(the equivalent of attention); and motor 
response, or act, as three disconnected 

existences, having to be somehow adjusted 
to each other, whether through the 
intervention of an extra-experimental soul, 
or by mechanical push and pull (p. 360 - 
361).

In this context, one has to wonder whether 
the only change from behaviorism to the 
information processing model was to shift 
the origin of the ‘jerk’ from the ‘environment’ 
to somewhere inside the organism. There is 
little evidence that the larger implications of 
the coordination described by Dewey and 
developed more completely in the Cybernetic 
Hypothesis and models of Self-Organization 
(e.g., illustrated earlier with the termite 
metaphor, but also commonly associated 
with neural networks) has had much impact 
on computational theories of mind. 

In contemporary models of information 
processing the elements associated with 
sensation, perception, attention, cognition, 
and motor control are still often treated as 
independent main effects in a simple causal 
chain and there remains a very strong 
temptation to frame the narrative around 
agents (homunculi) in the head17. 

Finally, it is important to note that 
in adaptive systems error with respect to 
expectations is the information that supports 
learning. An adaptive system is a system that 
learns from its mistakes. It is interesting to 
consider the incremental muddling approach 
from the perspective of Taleb’s construct of 
‘antifragile.’18 

Taleb’s construct suggests that the 
ability to learn from variability associated 
with either errors from expectations or from 
intentional experiments (e.g., play) is what 
allows the system to improve its fitness, 
increasing receptivity to new opportunities 
(positive Black Swans) and increasing 
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robustness with respect to changes that 
might otherwise threaten stability (negative 
Black Swans). 

In this context, the incrementalist 
approach reflects caution with respect to the 
possibility of negative Black Swans, blended 
with exploration (i.e., muddling) generating 
the variability that opens the possibility to 
discover positive Black Swans. 

Relating back to Weick’s example illustrated 
in the opening cartoon, in everyday life we 
never have a completely accurate map. Past 
experience can be a valuable tool to help us 
orient to current situations (i.e., assimilation), 
but the future will never be exactly like the 
past, so we have to be prepared to adapt to 
the inevitable changes (i.e., accommodation). 

Taleb19
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Chapter 10
Heuristics: Biases or Smart 
Instruments?

The theory of heuristic search, cultivated 
in artificial intelligence and information 
processing psychology, is concerned with 
devising or identifying search procedures 
that will permit systems of limited 
computational capacity to make complex 
decisions and solve difficult problems… 
When a task environment has patterned 
structure, so that solutions to a search 
problem are not scattered randomly 
throughout it, but are located in ways 
related to the structure, then an intelligent 
system capable of detecting the pattern can 
exploit it in order to search for solutions in 
a highly selective way.1

In the previous chapter, we introduced 
Herbert Simon’s distinction between well-
defined and ill-defined problems. In essence, 
ill-defined problems, which are the most 
common in everyday life, are problems that 
are too complex to solve using analytical 
approaches. The opening quote to this 

chapter, also from Herbert Simon, suggests 
that an intelligent approach to solving these 
complex (ill-defined) problems is to use 
‘heuristic’ search that leverages structure 
intrinsic to the task environment. 

Webster’s Dictionary2 defines heuristic 
as follows: 

involving or serving as an aid to 
learning, discovery, or problem-solving 
by experimental and esp. trial-and-
error methods…; also: of or relating to 
exploratory problem-solving techniques 
that utilize self-educating techniques (as 
the evaluation of feedback) to improve 
performance. 

The parallels between this definition of 
heuristic and the earlier discussions about 
abduction, the logic of circles, and the 
significance for understanding adaptive 
systems should be apparent. However, over 
the last few decades, the term ‘heuristic’ has 
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taken on a different connotation with those 
who study human decision-making.  

This is the result of an extensive 
program of research conducted by Amos 
Tversky and Daniel Kahneman3 to compare 
human decisions with the prescriptions of 
normative statistical and economic models. 
In essence, this research began with the 
question about whether people are good 
intuitive statisticians? In particular, they had 
noticed, based on their own experiences and 
later confirmed by empirical research, that 
people tended to be overly influenced by 
observations based on small samples.  For 
example, people (including experienced 
mathematical psychologists) were over-
confident that the results of an experiment 
based on a small sample would be 
successfully replicated with a larger sample. 

One manifestation of this ‘error’ in 
judgment is the Gambler’s Fallacy. Consider 
the following sequence of outcomes (H - 
heads; T - tails) from flipping a fair (unbiased) 
coin:

H   T   H   H   H   H   H  __   __   __

Imagine the next three flips of this coin and 
write down what they might be in the blanks. 

Now, consider some other situations 
- an average shooter hits six shots in a row 
in a basketball game; a top baseball player 
goes five games without a hit; or a roulette 
wheel hits red seven times in a row. Each of 
these situations attracts attention because 
they are surprising - that is, they violate our 
expectations. Thus, they beg for explanation. 
They elicit hypotheses - the basketball player 
has a hot hand; the baseball player is in a 
slump. In the case of the roulette wheel, one 
might hypothesize that the wheel is rigged 
or if one believes it is a fair wheel, then one 
might hypothesize that black is due. Each of 

these examples illustrates the dynamic of 
abduction. 

What was your response to the coin 
flipping question:  T  T  H,  or T H T? It is 
very likely that your first imagined flip was 
tails and that at least one more of the other 
two flips was a tail. Why? 

Tversky & Kahneman4 used the term 
representativeness heuristic as a general label 
for these types of ‘errors’ or ‘biases’ in human 
judgment. The hypothesis underlying the 
representativeness heuristic is that most 
people have an image of how a roulette 
wheel (or any random process) behaves. For 
example, if you ask a class of undergrads to 
imagine flipping a fair coin ten times, writing 
down the result of each flip, most students 
will generate a sequence with approximately 
the same number of heads and tails, with few 
sequences of more than three of the same 
outcome in a row, and with no simple pattern 
such as alternating sequences. 

Thus, a sequence of seven reds on the 
roulette wheel, does not match expectations 
for how a random processes behaves. For 
this reason it is disturbing (i.e., it creates 
tension or attracts attention and calls for 
some resolution or explanation). Two likely 
explanations might be that either it is not a 
random process (i.e., the wheel is rigged), or 
black is due (i.e., to help even the distribution). 

Of course, in the very long run - the 
expectation is that the numbers of red and 
black will even out (given a fair wheel). 
However, attributing properties that will be 
true in the long run to smaller samples is 
conventionally considered to be an error or 
bias in judgment, it is a misunderstanding of 
statistics.5

The cases of the basketball and 
baseball players are examples of what is 
commonly known as the hot hand phenomenon 
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. This reflects a common belief about sports 
- that performance of athletes is typically 
characterized by streaks (i.e., the success 
on one shot or at-bat will be influenced by 
the outcome of the previous few trials). For 
example, Gilovich interviewed basketball 
fans’ about their beliefs regarding sequential 
dependence among shots:

Their responses revealed considerable 
agreement: 91% of the fans believed that 
a player has a “better chance of making a 
shot after having just made his last two or 
three shots than he does after having just 
missed his last two or three shots”; 68% 
of the fans expressed essentially the same 
belief for free throws, claiming that a player 
has “a better chance of making his second 
shot after making his first shot than after 
missing his first shot”; ... 84% of the fans 
believed that “it is important to pass the 
ball to someone who has just made several 
(two, three, or four) shots in a row” (p. 297 
- 298).7

Gilovich et al.‘s analysis of shooting behavior 
of professional basketball players suggests 
that, contrary to these beliefs, the probability 
of making a shot is statistically independent 
from the previous shots. That is, whether a 

shooter has made his last one or two shots 
does not change the probability that he will 
make his next shot. Thus, at least for premiere 
athletes, a sequence of shots, like a sequence 
of coin flips appears to be statistically 
independent (at least by some criteria). 

If this is in fact true, then the best guess 
about the likelihood of making the next shot 
is the shooter’s average. In other words, 
knowing the outcome of the last two shots 
is no more valuable for predicting the next 
shot, than knowing the results of the last two 
coin flips is valuable for predicting the next 
coin flip.8 

Perhaps, one of the more striking 
empirical results from the Tversky and 
Kahneman research program involved 
another heuristic – the Availability Heuristic. 
This reflects the impact of memory on 
estimates of the state of the world. In one 
experiment, they first had people observe 
and record the result of spinning a wheel to 
get a random number. In fact, the wheel was 
rigged to stop on either 10 or 65. Then they 
asked two questions:

1) Is the percentage of African nations 
among UN members larger or smaller 
than the number you just wrote?
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2) What is your best guess of the 
percentage of African nations in the 
UN?

Surprisingly, the judgments were biased by 
the supposedly arbitrary random numbers 
that were presented. Those who saw the 
10 estimated the percentage to be 25%, and 
those who saw 65 estimated the percentage 
to be 45%. Thus, even though there was no 
reason to associate the numbers from the 
spin of the wheel with the questions, the 
numbers that were in memory at the time of 
the questions influenced the judgments. 

Another example of the availability 
heuristic that can easily be replicated 
in classroom demonstrations involves 
estimating the number of males or females 
on a list of people. The critical manipulation 
is to include a number of celebrities of the 
same gender on the list. The gender that 
includes the celebrity names will generally 
be estimated to be more frequent or people 
judge that it will be more probable for a 
random draw to pick that gender, than the 
other gender (even when it is actually less 
frequent). 

Again, the explanation is that the 
familiar celebrity names will be more easily 
remembered. Thus, the participants in 
this demonstration are using ease of recall 

(i.e., availability) as an index of frequency 
or probability. People seem to act on the 
implicit assumption that events that are 
easily remembered or that easily come to 
mind are more common or more likely than 
other events.

As with the representative heuristic, 
the availability heuristic suggests that 
judgments about situations are based on 
factors (e.g., ease of recalling or generating 
alternatives) that would not be considered in 
logical or economic models of rationality. 

Kahneman and Tversky9 have been 
consistent in pointing out that heuristics 
are often useful. For example, in many 
cases availability or ease of recall may be 
highly correlated with frequency. However, 
a fundamental aspect of their work is to 
measure human performance against the 
standards of normative prescriptions for 
rationality. For them, deviations from 
the prescriptions of normative statistical 
or logical models are ‘sins’ or ‘irrational’ 
behavior and an at least implicit motivation 
for their work is to heighten awareness 
about the biases, in hopes that they can be 
corrected. For example they write:

The true believer in the law of small 
numbers commits his multitude of sins 
against the logic of statistical inference in 
good faith. The representation hypothesis 
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describes a cognitive or perceptual bias, 
which operates regardless of motivational 
factors. Thus, while the hasty rejection 
of the null hypothesis is gratifying, the 
rejection of a cherished hypothesis is 
aggravating, yet, the true believer is subject 
to both. His intuitive expectations are 
governed by a consistent misperception 
of the world rather than by opportunistic 
wishful thinking. Given some editorial 
prodding, he may be willing to regard his 
statistical intuitions with proper suspicion 
and replace impression formation by 
computation whenever possible.10 (P. 110, 
emphasis added).

The impact of Tversky & Kahneman’s 
program of work is that the term ‘heuristic’ has 
now become associated with the constructs 
of error or bias. As they acknowledge:

The main goal of this research was to 
understand the cognitive processes that 
produce both valid and invalid judgments. 
However, it soon became apparent that 
‘although errors of judgments are but a 
method by which some cognitive process 
are studied, the method has become a 
significant part of the message’ (Kahneman 
& Tversky, 1982, p. 124).10

Additionally, what has been lost in the 
Kahneman and Tversky’s research program 
is the association between human decision 
making and the closed loop dynamics that 
couple perception, action, and beliefs about 
the world that intrigued the earlier functional 
psychologists such as Peirce and Dewey. 
Their empirical work is almost exclusively 
based on open-loop puzzles where the 
experimenters control the information (i.e., 
the stimulus) and participants simply make a 
choice (i.e., response).

Perhaps, it is unfair to attribute this to 
Kahneman and Tversky, but the program of 
research that they have inspired has tended 
to be organized around the errors as the 
objects of study. This is analogous to research 
programs in perception that have been 
organized around illusions. 

Thus, the concern raised earlier 
with regards to space perception may 
also be relevant here. That is, perhaps the 
errors reflect the paradigmatic choices of 
researchers who may be inviting participants 
to use a coordinate system that is not 
representative of the dynamics of experience 
(e.g., remember Langewiesche’s example 
of judgments about distant points on the 
ground). 

An alternative approach is to organize 
the theory and research around the 
associated functional dynamics of memory 
retrieval, situation assessment (observation), 
action (control), and reflection, and the 
coupling among these functions as reflected 
in a triadic semiotic system using abduction 
logic. In this context, the ‘biases’ may be 
symptoms that provide potential insight 
into the underlying dynamics. 

However, when these symptoms 
become the phenomena of study that theory 
begins to take on a naive cause-effect flavor 
that has the potential to miss most of the 
interesting dynamics of everyday human 
experience. 

There is no denying the elegance of the 
empirical research program of Kahneman 
and Tversky. However, there is growing 
concern that they may have been asking 
the wrong questions. Or, in other words, 
there is growing concern that they may 
have framed the questions in the wrong 
coordinate system. Observations, such as 
those of Klein discussed in the previous 
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chapter, raise concern that the problems that 
the Kahneman and Tversky program set in 

their studies may not be representative of 
everyday rationality and decision making. 

Fast, frugal, decision making

Tversky and Kahneman’s work is guided by 
an implicit belief that the normative models 
represent standards for correctness or success 
that people should aspire to (i.e., the ‘ought’ 
that Linblum referred to). There is a normative 
imperialism or idealism that may be justified 
for the well-structured problems typical of 
their  experimental contexts. 

However there is doubt about whether 
these normative ideals can be used effectively 
for ill-structured problems typical of everyday 
life. In contrast to the program on decision 
biases, de Groot and Klein’s observations 
suggest that what experts do in many natural 
contexts is quite different than what is 
prescribed by the normative economic models. 

The behavior of the experts looks more 
like skillful muddling, than like systematic 
application of normative logic. This leads 
many to question whether the assumptions 
underlying the normative prescriptions are 
justified in the context of the complexities of 
everyday experience. Are they justified in the 
context of the alternative example to the book 
bag and poker chip situation described in the 
previous chapter? 

Gigerenzer and others12 offer an 
alternative to the Tversky and Kahneman 
perspective on heuristics. Rather than 
characterizing heuristics as being a negative 
consequence of internal information 
processing limits, Todd and Gigerenzer 
(2003) describe heuristics as an adaptive 

fit, where people leverage regularities/
constraints in the problem ecology to 
improve the efficiency of performance. This 
seems to be more in line with the opening 
quote from Simon and the definition of 
heuristics at the start of this chapter. 

Todd and Gigerenzer (2003) describe 
the contrast between conventional 
perspectives on heuristics/bounded 
rationality as either optimization under 
constraints or as perceptual illusions with 
their alternative perspective on an adaptive 
ecological rationality:

The … preceding perspectives see bounded 
rationality in a rather negative light, as 
something that usually keeps us from being 
truly optimal or properly rational. This 
arises in part because the internal and 
external constraints on decision makers are 
seen as being unaligned and hence often 
at odds - accordingly, if we had greater 
memory or better computational ability, 
perhaps, then we might not need to pay the 
costs for searching for extra information. 
But this opposition between internal 
and external bounds need not be the case 
(and, for systems that have adapted their 
internal structure to the external world 
over time, typically would not be the case). 
Instead ... bounded rationality can be seen 
as emerging from the joint effect of two 
interlocking components: the internal 
limitations of the (human) mind, and the 
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structure of the external environments in 
which the mind operates. This fit between 
the internal cognitive structure and the 
external information structure underlies 
the perspective of bounded rationality 
as ecological rationality - making good 
(enough) decisions by exploiting the 
structure of the environment (p. 147 - 148).

In contrast to Klein’s focus on decision-
making in natural contexts, Gigerenzer and 
his colleagues have focused on exploring 
some of the complexities (unresolvable 
uncertainties) associated with ill-defined 
problems in relation to more controlled 
laboratory tasks and quantitative 
simulations. 

For example, in one task, the 
participants were presented pairs of cities 
and they were asked to indicate which 
was larger. The results suggested that the 
‘availability heuristic’ (using recognition in 
memory) can be quite useful in this context. 
They found that in judging the sizes of 
pairs of German cities, American students 
out performed German students. It seems 
that American students used a recognition-
heuristic – if they recognized one of the cities, 
then they judged that city to be larger. It turns 
out, that this heuristic can be quite effective 
for contexts where there is a relatively high 

correlation between recognition and the 
criterion being judged. For German students, 
this heuristic was less useful, since there 
were many other factors, other than size, that 
affected recognition.13 

The recognition-heuristic might 
be envisioned as a component of a 
noncompensatory decision process that is 
somewhat analogous to Klein’s RPD model. 
The first step in evaluating a pair of cities is 
the recognition test. If one is recognized but 
not the other, then choose that city (ignoring 
any further information). If both or neither 
is recognized, then other information might 
be considered. For example, does one of the 
cities have a sports franchise? If yes, pick 
that city. This process could proceed in an 
iterative fashion, where the next iteration is 
only considered if a decision is not possible 
based on the earlier cycles. 

This process can be formalized in a 
lexicographic decision rule. A lexicographic 
decision rule begins by comparing 
alternatives relative to the most important 
attribute, eliminating any alternatives that 
are not satisfactory with respect to that 
attribute. It then proceeds with the next most 
important attribute, continuing until all but 
one alternative is eliminated. 

For example, in searching for a 
new home, the alternatives may first be 
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narrowed based on price (affordability). 
All homes above a certain price might be 
eliminated. A second attribute might be 
commuting distance. All options beyond 
a criterion commute time to work might 
then be eliminated. A third attribute might 
be number of bedrooms. Homes with less 
than a certain number of bedrooms might 
be eliminated from consideration. This 
process would proceed, until the number of 
alternative homes was reduced to a single 
choice (or at least to a small, manageable 
number of options). 

It should be obvious that the 
lexicographic decision rule requires simpler 
comparisons (ordering options on only one 
attribute at a time), relative to a compensatory 
rule that requires simultaneous consideration 
of all the attributes of all the alternatives. 
Thus, it is potentially ‘fast and frugal’ relative 
to the cognitive demands of a process that 
considers all the information. 

However, somewhat surprisingly, 
a lexicographic type process may also be 
more accurate or at least as accurate as more 
cognitively intensive processes that consider 
and weigh all the information available. This 
will be particularly true when there is one 
or a few attributes that are highly diagnostic 

and/or when the signal values of attributes 
are highly correlated (they are redundant), 
but when the noise (uncertainty) associated 
with each attribute is unique. In these cases, 
consideration of less diagnostic attributes 
can contribute more noise than signal to the 
process (i.e., increasing uncertainty, rather 
than reducing it). 

A decision maker that selectively 
focuses on a single (or a few) particularly 
diagnostic cues may be both faster and 
more accurate than a decision maker that 
attempts to take all the data into account 
before making a choice. Thus, a heuristic 
that uses structure of the task to narrow the 
number of attributes/options to consider (as 
suggested by the opening quote from Simon) 
may be much smarter with respect to solving 
ill-structured problems, than one that relies 
on more complete statistical models. Such 
heuristic solutions might be particularly 
‘smart’ when the complexity/uncertainty 
is great and the window of opportunity for 
making the right choice is limited (i.e., there 
is time pressure). 

Other noncompensatory decision rules 
include conjunctive and disjunctive rules. 
With a conjunctive rule, attributes for a single 
option are considered. If all attributes exceed 
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pre-determined criteria for satisfaction, then 
that option is selected. If not, the next option 
is considered. 

For example, you buy the first house 
that you find that is affordable, close 
enough to work, with an adequate number 
of bedrooms. The conjunctive rule seems 
more consistent with Klein’s observations of 
naturalistic decision-making, because with 
this process alternatives are considered one 
at a time, until a satisfactory alternative is 
discovered. 

A disjunctive rule is similar, but the 
criterion for choice is that at least one of 
the attributes has to be satisfactory. While 
the noncompensatory processes cannot 
guarantee that the ‘best’ option will be 
chosen, these processes greatly simplify 
the demands on computational resources 

(e.g., memory) and the result will typically 
be satisfactory (if not optimal).  But for ill-
structured problems the concept of optimal 
may be a mythical ideal that is practically 
unrealizable. 

Both the research program of Tversky 
and Kahneman and the program of 
Gigerenzer and the ABC group consider the 
information processing limits of humans 
(e.g., in terms of memory and computational 
capabilities).  For Tversky and Kahneman, 
the heuristics are adaptations to these 
internal constraints. However, for Gigerenzer 
et al. heuristics are adaptations to ecological 
or problem constraints that allow satisfying 
solutions in spite of the information limits. 

For Tversky and Kahneman, heuristics 
are violations of good thinking, that are 
necessary due to information processing 

Gert Gigerenzer14
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limitations. For Gigerenzer, heuristics are 
intelligent adaptations that often make the 
information processing limits irrelevant to 
the ultimate performance levels that can be 
achieved. And, in fact, they have suggested 
that some of the information processing 
limitations (e.g., short term memory limits) 
may actually be well adapted to the demands 
of survival. 

For example, Schooler, Herwig, and 
Herzog (2011) observe:

Some researchers have suggested, however, 
that forgetting may be functional. One 
of the first to explore this possibility 
was James (1890), who wrote, “In the 
practical use of our intellect, forgetting is 
as important a function as recollecting” 
(p. 679). In his view, forgetting is the 
mental mechanism behind the selectivity 
of information processing, which in turn is 
“the very keel on which our mental ship is 
built” (p. 680).

In essence, the claim is that working 
memory often functions as a selective filter 
that facilitates performance by narrowing 
attention to signals and thus, minimizing the 
‘noise’ associated with what would otherwise 
be a buzzing, booming, confusion (i.e., data 
overload). In other words, the limitations on 
working memory reflect an adaptive tuning 
of the observer (Chapter 8) to reflect the 

demands for extracting the ‘signal’ (i.e., what 
matters) from the ‘noisy input channel.’

Another important difference between 
these two approaches is the view of the 
decision making process. For Tversky and 
Kahneman, the focus is on a specific choice 
(e.g., what option is more likely). In many of 
the experimental paradigms used by Tversky 
and Kahneman people are given complete 
information (or at least, the problem is 
posed in a way that there is no opportunity 
to gather more information). However, for 
Todd and Gigerenzer the decision process 
is viewed as a search process. Thus, one 
of the important questions is the stopping 
rule. That is, at what point do you stop 
considering options and/or attributes and 
make a decision or act. 

For Todd and Gigerenzer the process 
dynamic is more similar to the dynamic of 
the observer that we discussed in Chapter 
8. As with the observer, there will typically 
be a speed accuracy trade-off. Thus, the 
search process will always be judged relative 
to some value system (e.g., the costs of 
information, the costs of time, the costs of 
error, and the values associated with correct 
decisions or correct actions). The implication 
of this is that it becomes necessary to test the 
decision process against the pragmatics of 
the situation dynamics, rather than against 
some abstract mathematical or logical ideal. 

Fault diagnosis in complex systems

The classical information processing 
approach to human performance tends to 
significantly underestimate the necessary 

‘loopiness’ associated with adaptive control. 
This classical view is illustrated in Figure 
9.3. This illustration is a closed-loop system, 
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however it is typically treated as a logical 
progression of independent information 
processing stages – from interpretation of 
the signs that activate the system (up the 
left leg), to logic analysis of the situation 
and formulation of a goal (the apex), to 
development and implementation of a plan 

in terms of making specific actions (down the 
right leg). 

In this conventional model, each 
of the boxes in Figure 10.1 represents a 
general-purpose processing module for 
accomplishing an information processing 
sub-task and each of the circles represent a 
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Figure 10.1 This diagram illustrates a view of information processing that is consistent with the ‘rote 
instrument’ view, where the Mind is viewed as a general-purpose computer.
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transformation or recoding of information 
as a result of the operations of the preceding 
processing stage. 

As a result of this view of information 
processing, researchers who take this 
perspective tend to focus on specific boxes, 
or subsets of boxes. For example, Gregory 
focused particularly on the left leg to 
understand how signs were processed to 
infer the state of the world. Kahneman and 
Tversky focused on the apex of this process 
to understand how the state of the world 
was interpreted and evaluated in order to 
generate a choice or make a decision.  

In the classical approach, there is 
at least an implicit assumption that the 
operations of the individual modules within 
this process are generic and independent. 
With respect to our discussion of control and 
the cross over model earlier, this reflects an 
assumption that the transfer functions for the 
boxes are invariant. 

In the 1970s and 80s Jen Rasmussen was 
observing human performance in relation 
to fault diagnosis and general safety issues 
associated with the design and operation of 
nuclear power plants. For example, Rasmussen 
and Jensen examined information processing 
in the natural context of fault diagnosis in an 
electronic instrument repair shop. 

They observed the testing process 
that the technicians followed when trying 
to diagnose problems with electronic 
instruments that were brought in for repair. 
They tried to map the observations onto 
classical models of information processing. 
However, the processes that they observed 
did not reflect a logical, orderly sequence of 
information processing stages as suggested 
by Figure 10.1. 

First, they observed that the most 
common form of problem solving involved 

a topographic search. That is, the technicians 
tended to organize their search for the fault 
around the physical layout of the circuitry 
- tracing back from the fault and making 
good/bad judgments until they identified a 
problem. They noted that this process often 
involved many redundant tests. That is, 
the technicians did not take advantage of 
knowledge about the instruments that could 
have reduced the number of measures made. 

Although not efficient in terms of 
minimizing the number of tests made, each 
measure only took a little time and this 
process generally led quickly to a solution. 
The process also minimized the load on 
memory and the complexity of the reasoning 
involved. In other words, this process 
took advantage of the natural constraints 
(i.e., the wiring topography) to reduce 
the computational demands on the search 
process. 

This was an example of what Runeson 
referred to as a smart instrument. A smart 
instrument is a solution designed around the 
constraints of a specific problem, as opposed 
to a solution that is designed around the 
generic internal constraints of a general 
information processing mechanism (i.e., a 
rote instrument).

Secondly, Rasmussen observed that the 
information processing did not map cleanly 
into the progression of information stages 
illustrated in Figure 10.1. That is, the search 
process seemed to be more opportunistic 
or heuristic than suggested by the classical 
model, as Rasmussen (1986) observed:

Human data processes in real-life are 
extremely situation- and person-dependent, 
... the mental processes seem to follow the 
law of least resistance, and a shift between 
strategies will take place whenever a 
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momentary difficulty is encountered in 
the current strategy or special information 
is recognized that makes another strategy 
look more promising. (p. 70 – 71)

To illustrate the opportunistic nature of the 
search process, Rasmussen (1986) folded 
the classical information-processing image 

to form the Decision Ladder. By folding 
the classical image, it was easier to show 
the opportunistic pattern of associations 
as arrows that cut across the stages of 
information processing. 

These associations supported fast, 
frugal search processes that satisfied the 
pragmatic demands of discovering the fault 

Figure 10.2 Rasmussen’s Decision Ladder.
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and fixing the equipment, while minimizing 
the demands on components higher in the 
decision ladder.  

Rasmussen (1986) wrote:

… immediate associations may lead 
directly from one state of knowledge to 
the next. Such direct associations between 
states of knowledge is the typical process 
in familiar situations and leads to very 
efficient bypassing of low-capacity, higher-
level processes. Such associations do not 
follow logical rules; they are based on prior 
experience and can connect all categories of 
“states of knowledge.” (p. 69).

Thus, a technician might automatically 
associate an observation with a particular 
task or procedure, based on a simple 
association (availability) - “that’s what 
worked yesterday” - without bothering to 
consider the logical relations that justified 
the procedure (e.g., a causal functional 
model of the equipment). The shunts or short 
cuts shown in Figure 10.2 illustrate just some 
of the many possible associations between 
knowledge states. 

In principle, Rasmussen realized that 
any knowledge state can be associated with 
any other, and further these associations can 

go in any direction (e.g., in the process of 
formulating a procedure an observation may 
become more salient, or a hypothesis about 
the system state might be triggered). Thus, 
the Decision Ladder models the cognitive 
process as a richly-connected associative 
network, rather than as a multi-stage 
communication channel. 

In essence, the shunts across the 
Decision Ladder result from local mental 
models or schema that are built up through 
past experience. These models can be 
triggered by both specific properties of a 
problem (e.g., recognizing a familiar pattern) 
and by the broader context (e.g., proximity to 
another potentially unrelated event). 

The ‘higher’ processes in the Decision 
Ladder (e.g., interpreting and evaluating) 
represent the most demanding mental 
operations from a computational point of 
view. In other words, the higher processes 
represent the processing bottleneck. Thus, the 
shortcuts across the Decision Ladder represent 
specific hypotheses about how experts can by-
pass the limitations typically associated with 
logical computations. These shunts represent  
paths to fast, frugal solutions to the task. 

The processes at the apex of the 
Decision Ladder represent what Piaget 
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referred to as Formal Thinking. This formal 
thinking is typically associated with the 
normative logical procedures assumed by 
classical information processing theories. 
The Decision Ladder represents a general 
hypothesis in line with Runeson’s 
observations about smart instruments. 
This suggests that due to their extensive 
experience, experts have developed many 
associations (smart instruments or heuristics) 
that provide them with opportunities to 
by-pass the intensive analytical reasoning 
processes associated with the higher 
processes in the Decision Ladder. 

These associations allow experts to 
‘recognize’ solutions15, rather than analytically 
interpreting the situation and evaluating 
options (activities that may be necessary for 
novices, who haven’t learned the shortcuts 
yet). This model provides an architecture 
for understanding the comments of Klein’s 
firefighters. They “don’t make decisions” (i.e., 
they by-pass the formal thinking processes 
typically associated with decision-making). 

Thus, the short cuts across the decision 
ladder are the traces of smart instruments. In 
this case, the sources of the short-cuts are 
not associated with constraints internal to 
the information processing mechanism, but 
rather they are associated with constraints of 
the problem context. These leaps across the 
decision ladder reflect associations that have 
been reinforced by previous experience with 
the problem. 

This possibility is reflected in Ericsson 
& Charness’s16 observations about expertise:

… acquired skill can allow experts to 
circumvent basic capacity limits of short-
term memory and of the speed of basic 
reactions, making potential basic limits 
irrelevant… the critical mechanisms 

[that mediate expert performance] reflect 
complex, domain-specific cognitive 
structures and skills that performers 
have acquired over extended periods of 
time. Hence, individuals do not achieve 
expert performance by gradually refining 
and extrapolating the performance they 
exhibited before starting to practice but 
instead by restructuring the performance 
and acquiring new methods and skills. (p. 
731).

In order to explore this possibility further 
it is necessary to ground the information 
processing mechanisms in the structure 
of the problem. That is, to move beyond 
the dyadic semiotic system that focuses 
exclusively on interpretive processing 
inside the head - to consider the structural 
links that anchor meaning in a triadic 
semiotic system that spans both awareness 
and situations. 

In the Decision Ladder the shunts 
across the branches reflect the adaptations 
to the problem ecology. These adaptations 
will typically reflect improved fit (i.e., 
control efficiency and stability) based on 
leveraging task structure and minimizing 
computational demands. 

Thus, the ‘associations’ represented by 
the shunts across the Decision Ladder will 
be constantly changing (adapting) as a result 
of the consequences of their applications. 
Shunts (heuristics or associations) that lead 
to success will be strengthened and shunts 
that lead to unsatisfying outcomes will be 
gradually extinguished. 

With increasing experience in a stable 
ecology, the associations will become tuned 
to the ecological demands providing an 
implicit mental model as the basis for smart 
intuitions. This tuning process only leads to 
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skillful adaptation if the ecology is stable. 
When the ecology changes, the associations 

can be a source of error, because they may no 
longer reflect the situation demands.

The Semiotics of Smart Instruments

In Chapter 3, the dyadic and triadic 
approaches to the semiotic problem were 
contrasted. On one side of this dichotomy 
were the rationalists who view the mind as 
a symbol processing system. The rationalists 
modeled rationality as a dyadic semiotic 
system analogous to a computer program. 
And they typically look to normative models 
such as those championed by Kahneman 
and Tversky as prescriptions for how these 
programs should be structured.

Winograd and Flores17 summarize the 
assumptions behind this approach:

1) All cognitive systems are symbol 
systems. They achieve their intelligence 
by symbolizing external and internal 
situations and events, and by 
manipulating those symbols.

2) All cognitive systems share a basic 
underlying set of symbol manipulation 
processes.

A theory of cognition can be couched as 
a program in an appropriate symbolic 
formalism such that the program when run 
in the appropriate environment will produce 
the observed behavior. 

Thus, the implication is that meaning 
is the product of symbolic computational 
processes (i.e., the programs). In contrast, 
ecological psychologists, such as J.J. Gibson, 
suggested that meaning was more directly 
grounded in the properties of the ecology, 

without the need for a mediating symbolic 
representation. Gibson’s theory suggested a 
triadic semiotic system where the constraints 
in the ecology (i.e., affordances) were directly 
specified through patterns in the perceptual 
medium (e.g., optical invariants).  

Rasmussen’s model, however, 
suggested a resolution in which both sides in 
this dichotomy were right (i.e., an inclusional 
solution of the dialectic argument between 
the rationalists and the ecologists). He 
suggested that it was possible to identify 
qualitatively different styles of processing 
(skill-, rule-, and knowledge-based) associated 
with three different semiotic mappings to the 
problem ecology that he labelled: signal, sign, 
and symbol. 
Figure 10.2 illustrates the three styles of 
processing within the decision ladder 
framework and Table 10.1 illustrates the 
differential structure associated with the 
distinctions: signal, sign, and symbol. 

As the different styles or modes of 
processing are briefly described, please note 
that each mode of processing involves a 
complete loop in which perception is coupled 
with action through the ecology. While the 
typical information processes are included 
in the Decision Ladder, all processes are  
not necessarily involved in all situations.  
The distinct loops are closed in ways that 
differentially tap into the information 
processing mechanisms. In particular, 
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the mechanisms most closely associated 
with classical rationality (conventional or 
normative logic) are by-passed for skill- and 
rule-based processing.

Also, note that the processing modes 
are contingent on the mapping between 
the processing mechanisms in the head 
(constraints on awareness) and the structure 
in the problem ecology (constraints on 
situations). In essence, the three modes 
represent shifts in the degree to which the 
dynamics of processing leverage structure in 
the ecology. There is an assumption that with 
more structure in the ecology, the demands 
on formal symbolically based reasoning 
processes can be reduced. 

In essence, consistent structures in the 
dynamics of perception and action and in 
the ecology allow the processing to become 
smarter (i.e., the computations become 

simpler or more direct) and thus, the thinking 
becomes more productive (a la Wertheimer19) 
or more automatic (a la Schneider & Shiffrin20) 
or more intuitive (a la Klein21).

Note, however, that this inverts 
classical ideas about what it means to be 
smarter. There has been an implicit notion 
that ‘smart’ means thinking like a computer. 
That is, algorithmically following the 
normative prescriptions of classical logic 
and mathematics (e.g., economic models of 
rationality). 

In terms of the semiotics of the decision 
ladder and Runeson’s construct of smart 
instrument, people are smartest when 
they leverage the natural constraints in the 
ecology to achieve their goals with minimal 
formal computations. Thus, the prototype 
for ‘smart’ shifts from the contemplative 
philosopher to the skillful athlete or artisan.

Signals: Skill-based Processing

Rasmussen used the term signal to describe 
the semiotic relations underlying skilled-

based processing. Signal refers to situations 
where the structural constraints that specify 

Figure 10.1 Three different semiotic modes in the Decision Ladder.

Processing
Modes

Sources of Structure
or Regularity Examples

Skill-based Perception-Action Dynamic
(Signals)

Optic flow
relative to control of locomotion

Rule-based

Knowledge-based
Formal Logical

Processes
(Symbols)

Consistent mappings (e.g., in visual 
search experiments, in written and and 

spoken languages, in HCI interfaces)

Scientific Method

Consistencies/Correlation/ 
Patterns in the Ecology

(Signs)
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important functional relations are intrinsic to 
the perception-action coupling. 

Peirce used the term indexical for this 
type of mapping and used the example of a 
weather vane for specifying wind direction. 
The direction of the weather vane will emerge 
from the interactions with the wind. The 
direction of the wind is directly specified 
as a result of the physical interaction with 
the wind. Another physical example of an 
indexical relation is the height of mercury 
in a thermometer in relation to temperature. 
The height is a direct index of temperature. 

Langewieshe’s example of the horizon 
angle for specifying whether an airport is 
reachable in a glide is an example of a signal 
relation (i.e., there is a one-to-one mapping 
between the angular projection relative 
to the horizon and the affordances of the 
aircraft, the glide capability). The ability of 
experienced pilots to use this relation is an 
example of skill-based processing. 

Experienced pilots can use the horizon 
constraint to by-pass any requirements to 
calculate or logically infer the reachability 
of an airport from symbolic data about 
distance and the aircraft’s performance 
capability. Rather, the indexical relation 
between angular position with respect to the 
horizon and glide capability of the aircraft 
allow the pilot to directly see, or intuitively 
sense the reachability of any location on the 
ground. Note that this suggests that intuition 
is grounded in structural properties of the 
perception/action coupling.

Gibson22 (1958/1982) provides a more 
general description about how constraints in 
an optical flow field (essentially an angular 
coordinate system emphasizing invariant 
angular relations associated with the motion 
relative to surfaces) can be used to simplify 
the control of locomotion. 

For example here is Gibson’s (1958/1982) 
explanation for steering and aiming:

The center of the flow pattern during 
forward movement of the animal is the 
direction of movement. More exactly, the 
part of the structure of the array from 
which the flow radiates corresponds to 
that part of the solid environment toward 
which he is moving. If the direction of 
his movement changes, the center of flow 
shifts across the array, that is, the flow 
becomes centered on another element of 
the array corresponding to another part 
of the solid environment. The animal can 
thus, as we would say, ‘see where he is 
going.” The act of turning or steering is, 
therefore, a visual as well as a muscular 
event. To turn in a certain direction is to 
shift the center of flow in that direction 
relative to the fixed structure of the optic 
array. The amount of turn is exactly 
correlated with the angular degree of shift. 
The behavior of aiming at a goal object can 
now be specified (although the properties 
of a figure in the field of view which arouse 
this behavior have not yet been described). 
To aim locomotion at an object is to keep 
the center of flow of the optic array as 
close as possible to the form which the 
object projects. (p. 155)

Gibson’s general approach to optical control 
of locomotion provides a great illustration 
of skill-based processing. Gibson’s optical 
invariants are structural constraints that 
emerge from the perception-action dynamics. 
That is, the optical flow invariants are created 
by the act of moving around in the world. 
Thus, they are being shaped by locomotion 
actions AND they are continuously feeding 
back as information that in turn shapes the 
control of locomotion action. 
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Note that optical flow can not be found in light 
or eyes independently. Flow is created in the 
act of moving. 

To briefly summarize qualities 
associated with skill-based forms of 
processing based on signals, There are three 
important characteristics of this form of 
processing:

Postulate 1. Skill-based processing will 
depend on learning by doing. 

That is, the structure grounding for skill-
based processing is a product of the 
perception-action coupling and thus it must 
be discovered in the context of that coupling. 
Although good coaching may direct attention 
and facilitate discovery of the intrinsic 
structure, at the end of the day the only way 
to develop skill-based processes is through 
practice, practice, practice. 

Postulate 2. Skill-based processing will 
be tightly coupled to the dynamics of 
action (i.e., the physical coupling between 
the body and the ecology), but loosely 
coupled to the dynamics of more abstract 
cognitive processes (i.e., language and 
formal logic). 

Thus, skill-based processing will generally 
be difficult to articulate. This loose coupling 
has been recognized in classical research 

with terms such as tacit knowledge, procedural 
knowledge, automatic processing, or intuitive 
decision making. This dissociation between 
language and skill may explain why the best 
athletes are not always the best coaches. 

Postulate 3. In some task situations, 
stable performance will be contingent on 
skill-based processing. 

Generally, these situations will be ones 
where success depends on synchronizing 
actions with dynamically changing contexts. 
In these contexts, the efficiency of skill-
based processing is essential to minimizing 
processing lags to avoid instability (e.g., 
pilot induced oscillations). Remember, that 
time delays set fundamental bounds that 
constrain the speed/accuracy tradeoffs 
required for stability in closed-loop control 
systems (Chapter 7).

This is implicitly recognized in the 
Zen, “no-mind” approach to training skills 
(e.g., archery and swordsmanship) and may 
also be associated with the phenomenon of 
“choking” in sports or music performance. 
In high risk or high value contexts people are 
tempted to “think too much” (in this context 
- to engage higher, knowledge-based or 
symbolic styles of reasoning that slow down 
the processes - leading to instability).  The 
formal reasoning processes are simply too 
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slow to meet the stability demands in many 
dynamic situations.

The key point is, that skill-based 
processing is not a lower type of reasoning. 
It is a necessary adaptation to the demands 
of many dynamic situations (e.g., sports, 
music, skilled-crafts). In these situations, 
intuitive decision-making or automatic 

processing (i.e., fast or System 1 processes 
described by Kahneman23) will be far 
superior to alternative forms of processing 
that are too slow to allow stable performance 
(e.g., formal, logical reasoning - slow or 
System 2 processes). For many situations, 
skill-based processing will be the smartest 
solution.

Signs: Rule-based Processing

Rasmussen used the term sign to describe 
the semiotic relations underlying rule-based 
processing. Where the structure for signals is 
intrinsic to the perception - action dynamic, 
in contrast, the structure in signs tends to 
be associated with situational constraints 
grounded in the problem ecology. These 
include consistent social conventions 
(e.g., use of red to indicate stop) and other 
correlations among events or patterns in the 
task ecology that might provide a basis for 
predicting or anticipating future events. 

In the context of the electronic repair 
shop - frequent types of problems in the past 
(e.g., bad power supplies) can suggest an 
initial first hypothesis to guide the diagnosis 
process. The key is that the hypothesis is not 
suggested by a causal analysis of the fault 
or an internal model of the specific failed 
instrument. Rather, it is stimulated simply by 
an association derived from past experience 
that may only be circumstantially related to 
the situation (e.g., prior frequency). This has 
the characteristics of an availability heuristic, 
since the first guess may be suggested by ease 
of recall (the memory of past events), rather 
than any logical link across these events. 

The aiming off strategy24 used by sailors 
and orienteers to solve navigation problems 
provides a good example of how structure 
inherent in a problem can provide the basis 
for rule-based solutions (i.e., heuristics) that 
greatly simplify computational demands. 
In the sailing context, consider the problem 
of navigating across the vast Atlantic Ocean 
from London to Charleston in the days 
before global positioning systems. The ship’s 
pilot would need to frequently compute the 
position using whatever landmarks were 
available (e.g., the stars, the sun etc.). These 
computations can be very imprecise and on a 
long trip errors can accumulate so that when 
the ship initially sights the North American 
continent - it may not be exactly where 
intended. In fact, Charleson may not be in 
sight. 

A similar problem arises in orienteering, 
which involves a race across forested country 
from waypoint to waypoint using a compass 
and topographic map for navigation. When 
the next waypoint is a distant bridge across a 
river, because of the uncertainties associated 
with compass navigation, there is a high 
probability that due to accumulated errors, 
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the orienteer will not be able to hit the river 
at exactly the location of the bridge. What 
does she do when she gets to the river and 
the bridge is not visible?

Skilled sailors and skilled orienteers use 
a strategy of aiming off to solve the problem 
of error in the computational approaches to 
navigation. That is, rather than setting their 
course to Charleston or to the bridge, they 
set their course for a point on the coast below 
Charleston or to the nearest point on the river 
below the bridge. That is, they purposely 
‘bias’ their path to miss the ultimate target. 
Why? Is this an ‘error’?

Using a computational solution, when 
you reach the coast or the river and the target 
is not in sight, which way do you go?  If you 
use the aiming off strategy you know exactly 
which way to go. When you see the coast, 
you should be able to sail with the current, 
up the coast to Charleston. When you reach 
the river, you know which direction to follow 
the river in order to find the bridge. With the 
aiming off strategy, rough computations are 
used to get into a neighborhood of the goal 
(to reach the boundary constraint), and then, 
the local boundary constraint is used to zero-
in on the target using skill-based processes. 

The sign relation is the structural 
association between the boundary (coast 
line or river) and the target (Charleston 
or bridge). Note that this is a consistency 
(i.e., pattern or constraint) within the task 
ecology that can be leveraged to avoid more 
formal analytical processes for navigating 
to the target. The consistency is extrinsic 
to the perception-action system (e.g., it 
exists independently from the ship or the 
orienteer), but it is intrinsic to the experience 
of the specific problem context. 

Two examples from the experimental 
literature on human performance to 

illustrate the power of signs to support fast, 
frugal performance are the Stroop Task and 
Automatic Processing in visual and memory 
search. 

In the Stroop Task25 a conflict is created 
between two common associations with the 
same stimulus. For example, one variation 
uses color words that are presented in 
different ink colors. The task is to ‘read’ the 
color of the ink. This is difficult, however, 
because people tend to ‘automatically’ attend 
to the conflicting word. Thus, when the word 
‘red’ is presented in blue ink -- there is an 
automatic tendency to say “red,” rather than 
the correct response “blue.” 

This tendency presumably is the 
result of a long history of experience 
with associating the letters r-e-d, with the 
response “red.” And in fact, this association 
is a very much more common situation, than 
situations where you are asked to attend to 
the ink color of written words. Again, note 
the similarity with the availability heuristic, 
the strong association in memory (i.e., the 
word response) will, in this case, interfere 
with the task of naming the ink color. 

In the case of visual and memory 
search, research by Schneider & Shiffrin 
(1977)27 shows that when there is a consistent 
mapping between stimuli and responses 
(i.e., a target never appears as a distractor 
and vice versa) people will begin responding 
automatically -- that is, the targets will 
eventually begin to “pop-out” of the display 
and response times will become independent 
from the numbers of items to be searched. 

In a typical search experiment, a person 
might be presented from one to four target 
items to hold in memory. Then a single or 
multiple display items are presented and the 
person is to press a key if one of the display 
items is in the memory set and another 



190

key if the items are not in the memory set. 
The dependent measure is the response 
time. Under variable mapping conditions, 
the memory set items and distractors 
are drawn from a common set of letters, 
so that the memory targets on one trial 
may be used as distractors on other trials. 
Under this condition, response times tend 
to be proportional to the total number of 
comparisons (memory set x display set). 

Under consistent mapping conditions, 
the memory items and distractors are drawn 
from disjoint sets of letters. So, the response 
to an item will be consistent throughout the 
experiment - once a target always a target 
(and vice versa). With extended practice 
under this condition, response times for the 
larger memory and display sets tend to be as 
fast as for the single comparison condition 
(memory set = 1 and display set = 1) under 
variable mapping conditions.  Essentially, 
after sufficient practice the targets begin to 
“pop out” of the display - so that there is no 
need to search for them and the result is fast 
response times that are independent of the 
number of comparisons. 

The automatic processing exhibited in 
the Stroop task and the search task under 
consistent mapping conditions has many 
characteristics in common with skilled-
based processing. For example, performance 
takes on an almost reflexive characteristic. 
Also, like skill-based behaviors development of 
automatic like processing typically depends 
on extensive practice. However, from the 
triadic, semiotic perspective there is an 
important distinction between automatic 
processing in the Stroop and visual search 
task context, and skill-based interactions such 
as the control of locomotion via optical flow. 

In the Stroop and visual search contexts 
the structure or consistencies are properties 

of the task. In some sense, this structure 
is imposed from without (as opposed to 
resulting from intrinsic properties of the 
perception-action dynamic). In the case of 
the Stroop task it is mediated by the language 
culture that establishes the association 
between the letters r-e-d, the spoken word 
“red,” and the color. In the case of the visual 
search task the structure is imposed by the 
experimenter who constrains the mapping. 
Thus, performance in these tasks is mediated 
by well learned associations or signs.

Within the local task contexts the 
structure or consistency in these experimental 
tasks is as reliable as any of the constraints 
that link invariants in optical flow fields 
to properties of locomotion. However, the 
consistencies between the optical array and 
motion can be discovered by moving around 
in the world. The consistencies between 
the optics and motion states are lawfully 
related to the physics of the perception-
action dynamic. There is no need for 
mediation (although, again, discovery may 
be facilitated by good coaching).  In contrast, 
there is no way to discover the association 
between the letters r-e-d and the word “red” 
or the color red through direct interactions 
with the letters themselves. The association 
is mediated by the larger social context that 
determines the rules. 

Thus, Rasmussen used the term 
signal to describe semiotic relations that 
are grounded in the physical dynamics of 
perception-action coupling (e.g., associated 
with laws of optics and laws of motion). 
He used the term sign to describe semiotic 
relations that are grounded in the dynamics 
of the problem ecology.  

Although signal and sign reflect 
different sources for grounding meaning in 
the constraints of experience, skill- and rule-
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based processes are both smart instruments 
in that they leverage the constraints (e.g., 
consistencies) to reduce uncertainty, and 
thus to simplify the information processing 
demands. The structure that underlies signal 
and sign relations might be what Wertheimer 
would refer to as the deep structure of a 
problem and a good representation of the 
problem is one that takes advantage of this 
structure (makes it salient). The issue of ‘deep 
structure’ will be addressed more extensively 
in the next chapter.

Here are a few summary hypotheses 
about rule-based processing based on signs:

Postulate 4. Rule-based processes are 
organized to leverage the deep structure 
of problems, where deep structure reflects 
constraints or patterns embedded within 
the problem ecology that are independent 
from the perception-action constraints 
associated with any particular agent. 

Independent in the sense that the pattern is 
an ‘objective’ feature of the problem - there 
will still be a dependency in terms of the 
observer’s ability to detect the pattern (e.g., 
to see the coastline) in order for that pattern 
to be leveraged in problem solving. 

Postulate 5. The sign-based relations 
that are leveraged by rule-based processes 
are more likely to be based in explicit 
associations that can be articulated by the 
agent. 

Thus, the rules can sometimes be expressed 
in explicit language as logical if-then 
conditionals. Thus, rule-based processing 
may sometimes be associated with what is 
classically referred to as declarative forms of 
knowledge (rather than procedural) and can 
be communicated in the form of explicit 
instructions. However, with continual use 

over extensive periods of time, rule-based 
associations can also fade from conscious 
awareness to become implicit habits – 
leading to Postulate 6.

Postulate 6. In some cases, rule-based 
processing will result in efficiencies (in 
terms of reduced information processing 
demands and increased response speed and 
accuracy) that are comparable to those seen 
with skill-based processing (e.g., automatic 
processes); and achieving these efficiencies 
will in some cases require the same levels 
of practice. 

The result can be ‘encapsulation’ of the rule 
in ways that make it difficult for people 
to articulate. In this case the processing 
will appear like what has classically been 
referred to as procedural forms of knowledge. 
An important implication is that it is not 
possible to differentiate between skill- and 
rule-based processing simply by the qualities 
of the performance.

Postulate 7. Sometimes the patterns 
experienced in task contexts will be 
circumstantial - that is, not grounded in 
the ecology or problem space, but rather 
resulting from serendipitous aspects of 
experience (e.g., a run of heads from random 
coin flips; a sample of only white swans). 

It will often be difficult for an abduction 
system to distinguish between the 
consistencies or regularities grounded in the 
ecology and these circumstantial patterns. 
Sometimes the rule-based heuristics of 
an abduction system will reflect these 
circumstantial patterns. This can lead 
to errors or over-generalizations (e.g., 
superstitious behavior). 

Norman27 and Reason28 describe 
different types of errors that might typically 
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be associated with skill- and rule-based 
forms of control. For example, a capture error 
where one passes too closely to a well learned 
habit – and that habit captures performance. 

Consider a time when you set off from 
the office with the intention to deviate from 
your normal route home to run an errand for 
your wife.  However, when once you start 
on the familiar route home, you mindlessly 
follow that route home, forgetting to turn-off 
at the point required for the errand. You only 
discover the error when your wife greets you 
at the door, reminding you of the intended 
errand. 

In essence, many human errors can 
potentially be explained in terms of over 
generalization of rules (i.e., applying 
associations that are appropriate in one 
context in a context where they are no longer 
appropriate). 

Thus, as Simon observed, rationality 
based on smart mechanisms is ‘bounded.’ 
But the bounds are not necessarily linked 
to internal computational limits, but rather 
to the fact that structure in the ecology is 
situated. A ‘smart solution’ in one situation 
may lead to difficulty if generalized to 
another situation.

Symbols: Knowledge-based Processing (Formal Reasoning)

Rasmussen observed that in situations where 
the topographic search strategy exposed the 
technician to unpleasant or risky situations, 
(e.g., when working on components of the 
alarm system for the experimental nuclear 
reactor at Risø, where a test action might 
trigger alarms throughout the country), then 
the technicians adopted an alternative more 
deliberate, hypothetical-deductive strategy, 

where they were much more conservative 
about the tests that they made, basing 
the tests on careful deliberate analyses of 
the system functions using abstract (e.g., 
symbolic) models of the processes involved 
(e.g., consulting manuals). 

Thus, Rasmusssen observed that the 
rationality of the technician was highly 
context dependent. Rasmussen called the 
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deliberate formal analytical process exhibited 
when working on the alarm system, 
‘knowledge-based processing.’ 
Rasmussen used the term symbol to 
represent the semiotic structure underlying 
knowledge-based processing. Whereas 
signals are grounded in the dynamics of 
perception/action; and signs are grounded 
in the structure of the problem ecology; 
symbols are grounded in a representational 
system (e.g., a formal language).

 Systematic application of an abstract 
representational system is what Piaget 
referred to as formal reasoning and it is the 
same discipline that underlies scientific 
reasoning. This does not mean that symbols 
are meaningless, but rather it means that 
they are only indirectly related to the 
intrinsic constraints of perception-action or 
of the ecology. Rather, the structure emerges 
as a result of the imposition of some formal 
system (e.g., a grammar). 

The mapping of the symbols to the 
dynamics of experience (e.g., the link 
between the speaker’s intention and her 
words or the link between the words and 
the actual state of the world) depends on the 
mapping of structure in the representation to 
structure in the dynamic of experience (i.e., 
the correspondence problem). 

In the context of experimental method, 
the quality of the inferences from an 
experiment about the effects of a particular 
variable depends on the scientist’s ability 
to structure the experiment in a way 
that eliminates potential confounds with 
other variables. Thus, we might say that 
the grammar of the experiment plays an 
important role in determining the meaning 
of the result.

For example, mathematics can be 
a good model for representing many 

situations, if the numbers and operations 
chosen for the model are well mapped to 
the phenomenon being modeled. Bayes’ 
Theorem might be a good way for revising 
hypotheses based on multiple samples 
- if you can formalize the Prior Odds 
and Likelihood Ratio as numbers. If you 
can’t enumerate the possibilities (or the 
denominators are essentially infinite) - then 
you may not be able to map the phenomena 
into the representation in a meaningful way. 

Thus, with symbol systems there are 
constraints (e.g., grammar and syntax) 
associated with the representation that may 
or may not align well with constraints in the 
situation being represented. With symbol 
systems the experience is mediated by the 
symbolic representation.

Ironically, Rasmussen chose the label 
knowledge-based for the processes that have 
the least concrete grounding in everyday 
experience. That is, knowledge-based 
processes become important when everyday 
experiences (in terms of knowledge about 
problem structure or the constraints on 
perception and action) is minimal. Thus, 
knowledge-based processes are most likely 
to be engaged when smart instruments or 
heuristics fail. 

Knowledge-based processes are 
organized around the formalisms of the 
representation. Thus, effective application 
of knowledge-based processes requires 
education with respect to the formalism 
(e.g., formal grammar, classical logic and 
mathematics or formal scientific methods).

 The formalisms will be most useful 
for dealing with novel contexts, where 
the consistent structures necessary for 
skill- and rule-based processing have yet 
to be discovered. Appropriately applied, 
knowledge-based processes can be very 
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effective for dealing with novelty and for 
discovering structure in situations that might 
eventually support skill- and/or rule-based 
processing. 

For example, the intrinsic constraints 
of perception and action (e.g., the horizon 
relation to glide angle) must be discovered 
through doing. Until this structure is 
discovered, skill-based processing will be an 
unrealized potential. 

Formal reasoning provides a 
disciplined way to manage the search for 
that structure. Thus, the ‘doing’ can be a 
serendipitous, random search process which 
may never converge or the search process 
can be a deliberate, disciplined search - 
such as might be conducted by a scientist 
(or supervised by a coach or teacher). 
Knowledge-based processing reflects the 
internal discipline for managing the search. 

Knowledge-based processes will 
typically be associated with the outer-loops 
in an adaptive control system. These outer-
loops represent disciplined approaches for 

evaluating and modifying the logic of inner 
loops in order to achieve stable control. For 
example, this process may involve pruning 
old associations (rules- and or skills-) that 
are no longer valid as a result of changing 
situation dynamics, and hypothesizing 
new associations as the basis for inner-loop 
control. 

In Piagetian terms, skill- and rule-
based processing reflect the dynamics 
of assimilation. That is, these forms of 
processing reflect our ability to generalize 
from past experience in order to respond in 
a smart, efficient way to future situations. In 
this context, the construct of schema simply 
reflects that the structures discovered 
through past experience (e.g., structural 
invariants or consistent mappings) shape 
or constrain how we respond to future 
situations. To the extent that these schemata 
reflect signal or sign relations that are 
relevant to the future situations - they will 
provide the basis for satisfying interactions. 

Dewey30
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Thus, the shunts in the Decision Ladder 
reflect specific schema.

The schema underlying skill- and rule-
based processing can be used generatively 
- that is, applied in new contexts. However, 
generalizations from experience are always 
bounded by the limits of our experience and 
the degree to which the future is similar to 
the past. Thus, we are constantly challenged 
to revise the schemas to incorporate new 
experiences or to adapt to a changing 
future. Piaget called this adaptive process 
accommodation. Knowledge-based processing 
may play a critical role in the accommodation 
process. 

For knowledge-based processing, 
general strategies such as those suggested by 
normative logical models may be the most 
reliable. This is because knowledge-based 
processing is demanded in those situations 
where the structure needed for smart 
instruments has yet to be discovered. 

That is, the symbolic semiotic relation 
reflects the world as described by Richard 
Gregory earlier where the symbol is a clue 
that must be interpreted.  Note that the 
classical approach to cognition assumes 
that this interpretation process is the 
fundamental basis for all processing. 
However, in an abduction system as 
represented by the Decision Ladder, 
knowledge-based processing is a very 
special form of processing that is reserved 
for novel situations (such as the puzzles 
typically used in laboratory experiments on 
cognition, perhaps). 

The positive side of knowledge-based 
processing is that it is ‘general purpose.’ 
In other words, it can be applied in a wide 
range of situations. The down side of 
knowledge-based processing is that these 
types of processes are computationally most 

difficult. The attention bottlenecks, resource 
limits, or working memory limits that seem 
to constrain performance in many general 
laboratory tasks30 are thought to reflect 
the computational costs associated with 
knowledge-based processing. Knowledge-
based processing is simply hard work - it’s 
difficult!

Here are a few hypotheses about 
knowledge-based processing based on 
symbols:

Postulate 8. Knowledge-based processing 
is mediated by formal (e.g., logic, scientific 
method) or informal (e.g., metaphors) 
representational systems. 

The representational system imposes 
structure in novel situations where the 
semiotic relation demands interpretation 
(symbol). 

Postulate 9. Knowledge-based processing 
is most closely related to the common 
notion of thinking as internal speech. 

Thus, knowledge-based processing will be 
associated with declarative knowledge. This 
type of processing will be most apparent in 
verbal protocols when people are faced with 
novel situations (e.g., puzzle solving). The 
less familiar a task or situation is, the greater 
will be the reliance on knowledge-based 
processes.

Postulate 10. Knowledge-based processing 
will be where the conventional limitations 
on information processing will be most 
apparent. 

Ideally, knowledge-based processing 
will take the form of formal reasoning 
(i.e., consistent with normative logic). 
However, knowledge-based processing is 
computationally demanding and people 
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will rarely meet these ideals - as reflected 
by extensive research that demonstrates 
information processing limitations when 
people are presented novel puzzles in the 
experimental laboratory (like the Wason task 
form presented earlier).

Ironically, while most of the empirical 
work on human cognition has focused 
on knowledge-based processes, these 
processes are probably the least common in 
terms of the everyday experiences of most 
people. 

Situation Awareness

The three processing styles represent 
different couplings within the triadic 
abduction system, NOT different 
mechanisms in the head or brain.   That is, 
the processes represent differential solutions 
to the semiotic problem involved with 
coupling situations and awareness in order 
to adapt to the pragmatic demands of life. 
These couplings, through structure intrinsic 
to the physics of the perception-action 
dynamic (signals), through consistencies in 
the problem ecology (signs), and imposed 
through formal reasoning (symbols) will 
often be operating in parallel. 

Thus, the three types of processing 
don’t represent discrete, either/or choices. 
Rather, these processes will typically all be 
operating in parallel and will be interacting 
so that associations of one type can be 
shaping and being shaped by associations 
of the other types as they all contribute to 
the overall perception-action dynamic to 
support skill-, rule-, and knowledge-based 
forms of interaction. In other words, the 
Decision Ladder represents a hierarchical, 
adaptive control system.

For example, in the context of the 
hierarchical control model for tennis 
presented in the previous chapter, 

diagnosing the weaknesses and strengths 
of an unfamiliar opponent may involve 
deliberate, knowledge-based problem 
solving, while decisions about when to 
come in to the net (game tactics) may reflect 
more rule-based reasoning (cue-action 
associations), and skill-based reasoning 
may be the primary mode for controlling 
the tennis racket to hit the ball. It could 
be hypothesized that the more that the 
inner loops (tactics and motor control) take 
advantage of the constraints associated with 
signals and signs, the more resources are 
available for the hard work of diagnosing 
the capability of a new opponent.  

This parallel operation of the three 
styles of processing is reflected in constructs 
such as top-down (knowledge-based) and 
bottom-up (skill- and rule-based) processing. 
In control theoretic terms, the different 
processes might be envisioned as nested 
control loops - with skill- and rule-based 
processes operating as inner control loops; 
and with knowledge-based processes 
operating as an adaptive outer loop - capable 
of tuning properties of the inner loops.  

Also, terms such as metacognition 
might reflect the adaptive coupling across 
the different loops, with knowledge-based 
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processing functioning to critique and tune 
smart mechanisms operating as inner loops. 

Note that the labels signal, sign, and 
symbol are not ‘objective’ properties of 
stimuli. Rather, their meaning is derived 
from the role that they serve within the 
triadic semiotic system. Thus, a particular 
relation like the horizon ratio may change 
from being functionally a symbol, to 
sign, and finally to signal with increasing 
experience. 

For someone without flying 
experience, the horizon angle can be a 

symbol (i.e., the significance is yet to be 
discovered relative to the problem of what 
is reachable). With more experience or as 
a result of instruction, the significance of 
this relation for a specific ship might be 
recognized as a sign (i.e., as a heuristic for 
judging reachability for a particular craft 
- e.g., a mark on the windscreen). Finally, 
with extensive experience the horizon 
angle may eventually function as a signal 
(i.e., as an optical invariant that directly 
specifies reachability across a broad range 
of situations).

Summary

One way to approach the design of human-
machine systems is as if the goal is to create 
smart instruments. This goal requires that we 
explore opportunities to exploit the natural 
constraints of the triadic semiotic dynamic in 
smart ways.

 Perhaps, this is a critical aspect of the 
success of the iPhone and iPad. These devices 
exploit natural constraints to allow people to 
directly manipulate and discover functions 
with minimal dependence on analytical 
(knowledge-based) forms of reasoning. This 
includes sensors in the device that close the 
loop to automatically adjust to situations 
(e.g., orientation of the image in relation 
to orientation of the device, utilization of 
information about the current location). 
It includes supporting topographical 
searches guided by the spatial layout of 
the applications. It includes consistent 
mappings within the various apps in terms 
of navigation and function. 

Thus, the work of Rasmussen, Gigerenzer 
and Klein are important counterweights to 
the trends of studying “errors” or “biases,” 
rather than studying the dynamics of 
human experience. These research programs 
place a much stronger emphasis on how 
the underlying processes work to satisfy 
the demands of complex situations that 
require fast, frugal, decisions. This approach 
is gradually influencing a growing field of 
behavioral economics where there is evidence 
of a shift of focus from the “ought” (i.e., 
normative economic models of choice) to the 
“is” (i.e., descriptive models of choice and 
decision making in everyday contexts)31. 

Another issue with the Tversky and 
Kahneman program is the, at least implicit, 
assumption that the normative prescriptions 
of classical logical and mathematical models 
of decision-making (such as Bayes’ Theorem) 
are appropriate for guiding decisions in 
everyday life. There is a very strong sense 
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that the motive of their research program is to 
correct the weak reasoning of humans. There 
seems to be an implicit notion that a system 
that behaved in line with the prescriptions 
of logic and economic models would make 
better decisions. 

However, Todd and Gigerenzer provide 
data that makes a plausible case, that at least 
in some natural contexts, simple heuristics 
may lead to better decisions:

... in comparing the performance of one-
reason decision making heuristics against 
more traditionally rational mechanisms 
(including multiple regression and cue 
tallying) on a set of 20 real-world data 
sets, it was found that the fast and frugal 
heuristics used less information (about a 
third the number of cues on average) and 
still came close to - and, in the case of 
generalizing to new data, even beat - the 
performance of the more information-
hungry and computationally expensive 
standard benchmark algorithms ...32

Thus, if the alternative version of the book 
bag and poker chip experiment is more 
representative of everyday situations, 
then normative models of logic may not 
be the best guides for decision-making 
and problem solving. This was the core of 
Peirce’s arguments for Abduction as a more 
representative model of how people make 
choices in everyday life. People are not 
logical engines in the classical sense, they 
are pragmatic engines designed to meet the 
practical demands of survival in a complex, 
uncertain world.

The Tversky and Kahneman approach, 
at least implicitly, suggests that the goal in 

designing decision support systems should 
be to turn people away from heuristic 
approaches. That is, to move them away from 
the “is” toward the “ought.” Lindblom’s 
suggestion to improve incrementalism 
suggests a different approach. Perhaps the 
information technologies should be designed 
to improve the skills of applying smart 
heuristics.

Thus, in designing technologies to aid 
human decision-making, the conventional 
focus has been to supplement the limited 
capacities of human operators and to enforce 
more normative inferential processes. 
The focus of more ecologically motivated 
approaches based on a triadic semiotic 
model is to support the recognition-
processes.33

Rather than using technologies to 
‘compute’ the right inference, perhaps the 
technologies can be used to help people to 
visualize the problem constraints in ways 
that effectively leverage them to simplify 
the problem demands in terms of efficient 
coding (i.e., chunking) and smart heuristics. 
Thus, the goal might be to help people to 
see the state of the world (i.e., the situation) 
relative to the field of possible actions, and 
the potential consequences of those actions 
relative to functional goals. 

In other words the goals of design might 
be to support assimilation (to help people to 
make smart generalizations based on past 
experiences) and accommodation (to help 
people discover and tune to the constraints in 
new situations). Perhaps, the goal should be 
to make people better at muddling through, 
rather than  to correct deviations from the 
prescriptions of conventional logic!
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Chapter 11 
Deep Structure?

One morning, exactly at sunrise, a Buddhist monk began to climb a tall mountain. The narrow 
path, no more than a foot or two wide, spiraled around the mountain to a glittering temple at 
the summit. The monk ascended the path at varying rates of speed, stopping many times along 
the way to rest and eat the dried fruit he carried with him. He reached the temple shortly before 
sunset. After several days of fasting and meditation he began his journey back along the same 
path, starting at sunrise and again walking at variable speeds with many pauses along the way. 
His average speed descending was, of course, greater than his average climbing speed. Is there 
a spot along the path that the monk will occupy on both trips at precisely the same time of day? 
Yes or no? Prove your answer.

The Traveling Monk Puzzle was typical of 
the type of problem that Karl Duncker used 
to explore human problem solving1. The 
first time I (the first author) taught cognitive 
psychology at Wright State I gave this 
problem to the undergraduate students and 
gave them a week to solve it. 

Midway through the week an excited 
student came to my office to tell me how 
he suddenly discovered a solution. He 
began, “I had been working on this problem 
with no progress and finally gave up. But 
yesterday I was driving from my apartment 
to my parents’ home, at the same time 
that my Dad was coming to see me. And 

suddenly I knew the answer!” What did the 
student know?

On the due date, I asked who could 
prove that the answer was yes. One woman 
said that she had proven it using a graph and 
I invited her to show the class the graph that 
she had used. I was expecting her to draw 
the graph in Figure 11.1, which is a classical 
solution to this puzzle

Figure 11.1 shows position on the 
mountain path on the vertical axis and time 
of day on the horizontal axis. Thus, any 
time history of a trip up the mountain starts 
at the bottom left corner of this space and 
ends at the top right corner of this space. 
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Similarly, any time history of a trip down 
the mountains starts at the top left corner 
and ends near the bottom right corner. These 
time histories must cross, and the point of 
crossing is a point where the monk is at the 
same place at the same time on both trips - 
QED. 

However, I was quite surprised, 
because the graph that the woman made did 
not look anything like Figure 11.1. Instead 
she drew the graph shown at the top of 
Figure 11.2. 

When I queried her about the graph, 
she explained, “Didn’t you say that the path 
spiraled up the mountain?” 

I replied, “Yes?” 

She continued, “Well the center of the spiral 
is the top of the mountain and the other end 
is the bottom.” 

To which I replied, “And how does this 
prove that the monk will be at the same time 
and place?” 

She responded, “Well, I put one finger 
at the top and one finger at the bottom and 
no matter what speeds I moved them, they 
always ran into each other.” 

I laughed, she had constructed a 
simulation, and indeed, she had proven the 
point!

Note that there was no need to draw the 
spiral. She could have also drawn a simple 
straight path with one Monk (or finger) on 
either end as shown in the bottom of Figure 
11.2. 

This leads to the other classical solution 
to the puzzle: to reframe the problem in 
terms of two Monks, both starting at sunrise, 
one from the bottom of the mountain and 
the other from the top.  For most people, this 
shift in frame makes it obvious that if the two 

Down the mountain

Top

Bottom
Sunrise Sunset

Up the mountain

Same place,
Same time

Figure 11.1 A solution to the Traveling Monk Problem showing that the paths must cross, proving that 
there is a point where the Monk must be at the same place at the same time on the two trips.
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Monks take the same path, they must meet, 
no matter what their relative speeds! Q.E.D. 
This was the basis for the Aha! Moment 
experienced by the student who came to my 
office. 

This puzzle is typical of the work of 
Gestalt Psychologists on human problem 
solving. The Traveling Monk problem is 
often used to demonstrate that a shift in how 
a problem is represented can dramatically 
change the difficulty of a problem. In fact, 
problem solving is often characterized as 
searching for the ‘right’ representation. 
Where the  ‘right’ representation relates in 
some meaningful way to the deep structure 
of a problem. 

Max Wertheimer illustrated this with 
the problem of computing the area of a 
parallelogram illustrated in Figure 11.32. 
Once a student is taught the procedure for 
computing the area of a rectangle and then 

the area of a parallelogram, the question is 
what does the student learn. 

In some cases, the student learns a 
procedure (e.g., a specific procedure or route 
to the solution). This learning generalizes 
poorly to other figures. Some students, 
however, learn something more fundamental 
than simply a rote procedure. They learn 
to look for ways to convert the complex 
figure into a rectangle with out altering the 
area. They gain a deeper understanding 
of structural relations that allow them to 
generalize more broadly (e.g., a kind of 
survey knowledge). 

Wertheimer described the smart 
generalizations (i.e., productive thinking) as 
“realizing structural features and structural 
requirements: proceeding in accordance with, 
and determined by these requirements…”3 
He associated this process with a search for 
“structural” as opposed to “piecemeal” truth. 

Top

Bottom

Bottom

Top

Figure 11.2 Alternative solutions to the Traveling Monk Problem.s.
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Wertheimer was quite elegant in articulating 
why more classical approaches based on 
logic or association theory (e.g., behaviorism) 
fail to provide satisfactory explanations for 
the productive thinking:

In their aim to get at the elements of 
thinking they cut to pieces living thinking 
processes, deal with them blind to structure, 
assuming that the process is an aggregate, 
a sum of those elements. In dealing with 
processes of our type they can do nothing 
but dissect them, and thus show a dead 
picture stripped of all that is alive in them. 
Steps, operations come into the picture 

externally: on the basis of recall, of some 
previous knowledge, general or analogical, 
of associations in connection with some 
items in the situation (or even with the 
sum of them all), or again, of mere chance. 
The items, the connections used, are blind 
or neutral to questions of their specific 
structural function in the process. Such 
are the classical associations between an a 
and some b, the blind connections between 
means and end; such is the way in which 
traditional logic deals with propositions of 
the form “all S are P,” or “if A then B.” The 
connections, the items, data, operations 
are structure-blind or structure-neutral, 

H
E

IG
H

T

BASE

AREA = BASE x HEIGHT

Rote (poor) Generalizations Smart (good) Generalizations

Figure 11.3 Wertheimer used the parallelogram problem to illustrate the difference between unproductive 
generalizations based on blindly applying a rote process and productive thinking based on an 
appreciation of the deep structure of a problem.
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blind to their structural dynamic function 
with the whole, and blind to the structural 
requirements.”4 

Thus, the idea of “structural requirements” 
of a problem is a fundamental construct with 
regards to the Gestalt approach to problem 
solving. This construct has also been 
important in the literatures of linguistics 
and expertise, where distinctions have been 
made between ‘surface structure’ and ‘deep 
structure.’5 

Deep structure tends to be associated 
with ‘meaningful’ properties and surface 
structure tends to be associated with more 
transient insignificant changes. For example, 
here are two sentences with the same deep 
structure, but different surface structures.

In the context of classifying physics problem 
Chi, Feltovich, and Glaser suggested that 
experts grouped problems according to 
fundamental physical laws or principles 
(i.e., the deep structure), whereas novices 
grouped problems according to the physical 
configuration of objects involved (i.e., the 
surface structure).6 Thus, experts were able 
to make ‘smarter’ generalizations than were 
novices. 

Langewiesche’s discussion of the 
pilot’s way of judging distance (e.g., using 
an angular coordinate system anchored on 
the horizon) versus the passenger’s way of 
judging distance (e.g., using a rectangular 
coordinate system) might be restated by 
saying that the pilot’s representation was 
grounded in the ‘deep structure’ of the 
functional problem – leading to productive 

intuitions relative to flying (e.g., being able 
to ‘see’ reachability). 

Similarly, one might say that the 
aiming off strategy used by expert navigators 
and orienteers reflects productive thinking in 
that they use ‘deep structure’ of the problem 
(e.g., boundaries like rivers and coastlines) 
in a very smart way, allowing them to 
use perceptual skills to meet what would 
otherwise be computational demands. 

Also, consider the parallels with 
Tolman’s studies of rats learning a maze. 
The behaviorists assumed that only route 
knowledge was learned, but Tolman’s 
experiments demonstrated that a more 
general understanding of the layout (i.e., 
survey knowledge) was learned that allowed 
productive generalizations when the original 
route was blocked.

It could also be argued that the key 
distinction between the constructivist 
approach7 to perception and the ecological 
approach8 was that constructivists assumed 
that perception was based on ‘surface 
structure’ (e.g., piecemeal cues on the retina), 
while ecologists considered the possibility 
that perception was based on ‘deep structure’ 
(e.g., structures in optical flow field that were 
specific to affordances). 

With regards to the variations of the 
Wason task, it might be argued that the 
key difference between the neutral original 
context (even numbers and vowels) and 
the permission context (i.e., legal table) is 
that the permission context provides deep 
structure (i.e., social constraints) that is not 
salient in the neutral context. 

Finally, in the context of Rasmussen’s 
decision ladder, the deep structure of a task 
(signal and sign relations) would be the basis 
for smart shunts at the skill- and rule-based 
levels. 

The dog chased the cat.   
AND   

The cat was chased by the dog.
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Chunking

It is a little dramatic to watch a person get 
40 binary digits in a row and then repeat 
them back without error. However, if you 
think of this merely as a mnemonic trick for 
extending the memory span, you will miss 
the more important point that is implicit 
in nearly all such mnemonic devices. The 
point is that recoding is an extremely 
powerful weapon for increasing the amount 
of information that we can deal with. In one 
form or another we use recoding constantly 
in our daily behavior.9 

The quote above is from George Miller’s 
classic paper “The magical number seven, 
plus or minus two: Some limits on our 
capacity for processing information.” Miller’s 
work is typically cited as key evidence about 
the limits of human information processing 
(in particular working memory). However, if 
you read the original paper carefully a major 
insight is that due to the human’s capacity to 
‘recode’ information – there is NO effective 
information limit to working memory. 

Yes, working memory is limited 
to about seven chunks, but “the span of 
immediate memory seems to be almost 
independent of the number of bits per 
chunk, at least over the range that has been 
examined to date” (p. 93). 

Miller continues: “... by organizing the 
stimulus input simultaneously into several 
dimensions and successively into a sequence 
of chunks, we manage to break (or at least 
stretch) this informational bottleneck” (p. 
95). 

The performance he is describing is the 
performance of Sidney Smith who trained 

himself to recode five binary digits into single 
chunks (e.g., 10100 = 20). With this encoding, 
strings of about 40 binary digits were within 
the 5 to 9 chunk capacity of working memory.

Miller’s construct of chunking may 
perhaps be critical to linking the construct of 
smart heuristics with the earliest intuitions 
associated with Cybernetic models of 
cognition. Consider that the “recoding” 
that Miller refers to might be analogous to 
shifting coordinative systems to leverage 
task constraints in order to reduce the 
information processing demands (to break 
the “informational bottleneck”). The key to 
making this link is the hypothesis that the 
recoding seen in everyday situations is not 
arbitrary - but rather, that it takes advantage 
of the constraints available in the ecology - 
that is the consistencies that form the basis 
for Rasmussen’s signal and sign relations. 

One source of empirical support for 
this hypothesis comes from de Groot’s 
observations of expert chess players that 
were confirmed by Chase and Simon.10 
Expert chess players are able to remember 
more information when presented with a 
configuration taken from a chess game for a 
brief period (on the order of a few seconds).  
This is typically attributed to the fact that 
experienced chess players are better able to 
integrate multiple pieces of information (or 
chess pieces) into larger coherent patterns 
or chunks, thus effectively extending the 
limits of working memory. For example, 
recognizing a particular opening. 

Chase and Simon included an 
important control condition. They showed 
that the advantage of experts over novices 
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in remembering the placement of pieces 
was reduced (if not completely eliminated) 
when the configurations were random 
arrangements of pieces. Thus, it seems 
clear that the ability to extend the limits to 
working memory depend in part on the 
coherent structure of the game of chess that 
is eliminated in the random configurations.

This inference is strengthened by an 
experiment reported by Reynolds.11 One 
aspect of the structure of the game of chess 
that appears to be important to experts 
is the distribution of pieces relative to 
attacking different areas of the board. Thus, 
for example within the game there can be a 
functional ‘center of mass’ that reflects the 
focal point of attack. 

Reynolds created three random 
arrangements that were systematically 
constrained with respect to the proximity of 
the pieces to a functional center of mass. The 
differences in recreating the arrangements 
from memory across skill levels increased as 
the configurations became more constrained 
relative to this functional center – with no 
differences at the low proximity condition 
and a more than two to one advantage for 
the highest-class players over the others in 
the high proximity condition. Again, this 
suggests that the improved performance is 
somehow linked to functional properties 
(i.e., deep structure) of the chess problem.

A conventional explanation of the 
improved expert performance in these 
experiments is that experts have a large bank 
of stored patterns that they can use to help 
recognize situations and chunk information. 
For example, it has been estimated that a 
master chess player would require storage of 
some 50,000 chess configurations.12 However, 
Vicente and Wang (1998) offer an alternative 
explanation.13 They suggest that the ability of 

experts is based on their experience with the 
constraints of the problem. 

Vicente and Wang assume that the 
knowledge of the expert is not a collection 
of memorized patterns from specific 
games, but rather an implicit model of the 
domain constraints. These might include 
recognizing patterns that reflect the intention 
of an opponent; identifying offensive and or 
defensive strengths and weaknesses related 
to functional centers of mass; identifying 
patterns related to distinct stages of the game, 
such as a generic opening; etc. Thus, rather 
than storing specific instances, they assume 
that memory is an integration that reflects 
‘invariant’ functional properties suggested 
by such constructs as schema or prototype.

The general hypothesis of Vicente and 
Wang is that experts are more effectively 
tuned to the functional constraints than less 
experienced players. It is their knowledge 
of these constraints that allows experts to 
chunk information into functionally relevant 
patterns, and thus to quickly zero-in on 
good options. And it is the violation of these 
constraints in the random conditions that 
evens the playing field between experts and 
novices. 

Vicente and Wang used Rasmussen’s  
Abstraction Hierarchy14 as an explicit, a 
priori way to differentiate ‘deep structure’ 
(e.g., more abstract constraints related to 
intentions and laws of the game) from 
‘surface structure’ (e.g. more concrete 
constraints associated with physical 
properties of a situation).

Clearly, it takes experience with a 
domain to discover the deeper, more abstract 
constraints! But once discovered, there are 
dividends to be reaped with regard to the 
ability to organize information in ways that 
result in computational efficiencies. Thus, 
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the ability to by-pass inherent information 
processing limitations is tied to the structure 
of the situation. 

In this sense, expertise is the ability to 
utilize the natural constraints of situations 
to recode or chunk the stimuli in ways 
that enhance situation awareness and 
that effectively reduces the computational 
complexity related to the search for good 
solutions. In other words, experts are 
employing structure within the situation to 
reduce uncertainty.

The chunking observed by de Groot is 
not simply a memory gimmick, it has clear 
implications for the efficiency of processing. 
For example, the principal difference 
between stronger and weaker chess players 
that de Groot observed was the ability of 
experts to quickly grasp the situation, so that 
the first options that they considered turn 
out to be among the best choices. 

De Groot writes that “within the very 
first five to ten seconds, the master subject is 
apt to have more relevant information about 
the positions available to him than the lesser 
player can accumulate in, say, a quarter of an 
hour of analysis.”15 

Dreyfus used the term “zeroing-in” to 
characterize this ability of experts to quickly 
assess complex situations in order to make 
smart decisions. He contrasts this with 
more deliberate search processes that work 
systematically through the possibilities – 
“counting-out.” He writes that:

The human player whose protocol we 
are examining is not aware of having 
explicitly considered or explicitly excluded 
from consideration any of the hundreds of 
possibilities that would have had to have 
been enumerated in order to arrive at a 
particular relevant area of the board by 

counting out. Nonetheless, the specific 
portion of the board which finally attracts 
the subject’s attention depends on the 
overall position.16

Reynolds provides some insights into the 
zeroing-in process based on studies of the 
eye movements of chess players17 and a 
reanalysis of some of de Groot’s verbal 
protocols. 

These studies show that weaker 
players tend to focus attention based on 
the distribution of pieces, but that stronger 
players tended to focus attention based on 
the distribution of spaces affected by those 
pieces. 

Reynolds concluded that:

The reanalysis of de Groot’s protocols 
indicates that master and grandmaster 
chess players direct their attention to 
a different area of the board from that 
of players of lesser expertise. While the 
beginning tournament player is captivated 
by configurations of black and white pieces 
of wood, the masters and grandmasters 
center their attention on those squares 
affected by the pieces.18

Thus, rather than postulating thousands of 
past games stored in memory as the basis 
for expert-novice differences in chess, the 
hypothesis is that experts organize their 
sensemaking around a different coordinate 
system than used by novices. The coordinate 
system of the expert is organized around 
functionally significant features of the 
situation (e.g., the strength of attack with 
regards to spaces), whereas the coordinate 
system of the novice is organized around 
surface features of the situations (e.g., the 
pieces). 
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The “zeroing-in” process described by 
Dreyfus may reflect the operation of smart 
(skill- and rule-based) heuristics that support 
recognition-primed selection of options. 
While the “counting-out” process may reflect, 
more deliberate formal reasoning (e.g., what 
Klein19 described as mental simulations) to 
evaluate the selected options.

Again, the parallels to Langewiesche’s 
description of how pilots are able to see 

‘reach-ability’ should be readily apparent. 
The key to both direct perception and to 
smart heuristics is to discover a coordinate 
system that reflects the ‘deep structure’ of 
the situation. In control theoretic terms, the 
point is to choose the correct coordinates for 
the functional state space (i.e., coordinates 
that organize the data to make the functional 
constraints salient). 

Abstraction Hierarchy

As a result of the work of Wertheimer and 
others, there is a general hypothesis that 
access to the deep structure of a problem 
leads to more productive or smarter thinking 
(e.g., more effective chunking or parsing 
of the problem). However, this ends up 
not being of much value if the only way to 
differentiate a representation that reflects 

the deep structure from one that reflects the 
surface structure of a domain is the quality of 
thinking that results. 
Is it possible to frame the construct of deep 
structure independently from the quality of 
performance?  

This will be particularly important for 
design in order to make at least tentative 
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prescriptions for the content and organization 
of information in interface representations.20 
For example, in the design of safety critical 
systems it might be very important to start 
with a good understanding of the space of 
possibilities. 

Kim Vicente observed that it is 
important to have a description of the work 
or problem demands (the possibilities) that 
is independent from the particulars of any 
previous design or the associated processes 
and/or activities.21 He called such an 
approach a ‘formative approach’ and the idea 
echoes Marr’s desire for a computational 
theory of perceptual systems. 

While cognitive science abounds with 
normative approaches that prescribe what it 
means for a process to be rational and with 
descriptive approaches that describe the 
behaviors of particular people in particular 
situations, there is little discussion of the 
ecological demands that a cognitive system 
must satisfy in order to survive in complex 
problem domains.  

Rasmussen’s Abstraction Hierarchy 
represents an important attempt to provide 
a formative approach to ecologies (problem 
spaces or work domains). As leader of 
the Informatics research program at Riso 
Laboratory in Denmark, Jens Rasmussen, 
whose background was control engineering, 
was given the task of assessing the risks 
associated with Nuclear Power - did Nuclear 
Power offer a safe source of energy for 
Denmark? Could a safe system be designed? 

Rasmussen quickly realized that safety 
of these complex systems depended on the 
cognitive abilities of the humans operating 
the plant. It depended on their ability to 
control the system under normal operating 
situations and on their ability to detect, 
diagnose, and correct the inevitable faults 

(what Perrow called normal accidents22) that 
were sure to arise in such a complex system.  
However, when he looked to cognitive 
science for guidance, he got little help:

In the early 1960s, we realized from 
analyses of industrial accidents the need 
for an integrated approach to the design 
of human-machine systems. However, 
we very rapidly encountered great 
difficulties in our efforts to bridge the gap 
between the methodology and concepts 
of control engineering and those from 
various branches of psychology ... because 
of the slow transition in psychological 
research away from behaviorism and the 
preoccupation of the early research in 
artificial intelligence with games and 
theorem proving, we found it impossible 
to wait for guidelines from such sources. It 
appeared to be necessary to start our own 
selective research program to find models 
useful for engineering design.23

One product of the research program that 
Rasmussen established was the Decision 
Ladder discussed in the previous chapter. 
Rasmussen used the decision ladder to 
represent the opportunistic (adaptive) 
thinking patterns he observed in verbal 
protocols from people doing fault diagnosis 
and troubleshooting in the context of 
industrial systems. 

In addition to the decision ladder, 
Rasmussen realized that he also needed a 
language to describe the constraints that 
were shaping the adaptive behaviors. He 
needed a formative framework to describe 
the problem demands. He needed a way to 
integrate the third, ecological component, 
into the semiotic system. He needed to 
identify the deep structure of the cognitive 
problems that operators would need to solve. 
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For this, he chose an Abstraction Hierarchy 
in terms of means-ends relations. 
Consistent with Gibson, Shannon and 
Weaver, Newell and Simon, and Marr, 
Rasmussen understood that it would be 
necessary to describe the problem space 
in a way that related the goals (ends) and 
the action capabilities (means, operators). 
However, unlike Newell and Simon, who 
could chose simple tasks (e.g., crypto-
arithmetic, hobbits and orcs) where the 
state space could be easily enumerated, 
Rasmussen had the challenge of scaling 
up the means-ends analysis to a complex 
situation with a state space that could not 
be enumerated.  Whereas Newell and Simon 
were dealing with closed-system problems 
- Rasmussen had the challenge of applying 
means-ends analysis to complex, open-
systems. 

Remember the earlier discussion 
of open and closed-systems (or well and 
ill defined problems) in relation to Bayes 
Theorem and computing probabilities. Note 
that the distinction between closed and 
open system is different than the distinction 
between closed-loop and open-loop control. 

In essence, a closed-system is a well-
defined problem that is completely isolated 
from its environment. All sources of 
variability (e.g., all possible legal moves) are 
accounted for in the problem description. 

An open-system is an ill-defined 
problem that is coupled to its environment 
- so that enumerable events in the 
environment (e.g., a tsunami, a terrorist, 
etc.) can have a potential impact on the 
system. Thus, in an open system there will 
be sources of variability that are not (and 
perhaps cannot be) specified. 

In an open system it is in principle 
impossible to enumerate all the possibilities. 

So, rather than focus on the effectively 
infinite number of states, Rasmussen chose 
to describe the constraints that shaped the 
space of possibilities. 

For example, to describe the field 
of possibilities for an aircraft - it would be 
impossible to enumerate all the possible 
positions and paths that an aircraft might 
take through the world. But it is possible 
to describe the constraints that shape those 
possibilities. 

One constraint is where the pilot 
can go safely -- (e.g., places that are safe 
to land). Another constraint are the laws 
of aerodynamics - these laws will limit the 
potential paths that an aircraft of a particular 
form (e.g., type of wings and type of 
propulsion system) will be able to take given 
a specific initial condition. Additionally, 
the size of the fuel tank and the tolerances 
of the components (e.g., the g-tolerance of 
the pilot) will also set limits on where the 
aircraft can operate safely. And finally, there 
may be regulations that specify legal paths 
and values that specify desirable paths.

Rasmussen found that it would be 
useful to organize descriptions of the work 
domain constraints (i.e., the problem space) 
along two dimensions. One dimension 
reflected different levels of abstraction in 
terms of functional means-ends relations 
that addressed issues associated with why, 
what, and how. This dimension is consistent 
with Marr’s analysis of different levels 
for describing an information processing 
system. 

The other dimension reflected the 
level of aggregation in terms of part-whole 
relations. This dimension is consistent with 
the reductionist approaches that break down 
complex phenomenon into more elementary 
components. 
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Figure 11.4 illustrates a conceptual space 
formed from these two-dimensions. 
The different regions in the Abstraction-
Aggregation space reflect different ways to 
describe a problem (different perspectives), 
NOT different components of the work 
domain. The vertical and horizontal 
lines within the space illustrate different 
approaches to parsing the complexity of 
situations (through functional abstraction 
or through reduction respectively). The 
significance of the diagonal line will 
hopefully become clear later. 

The question that arises then, is of all 
the different ways to describe a work domain 
is there one or a few types of description 
that will be particularly valuable for 
understanding the dynamics of abduction 
systems? 

For example, is there a grain of 
analysis (level of aggregation) that might 
be privileged in terms of insights into the 
semiotics of meaning processing systems 
(elementary particles of cognition)? 

Before addressing this question, lets step 
through the five levels of abstraction that 
Rasmussen proposed for decomposing 
the system with respect to means-ends 
relations and consider different levels of 
decomposition within each level. These levels 
suggested by Rasmussen as the framework 
for decomposing problems to identify the 
deep structure provide an excellent place to 
start the search. But they should not define 
the search.

It is important to immerse yourself 
in the phenomena of interest (the work or 
problem domain) and to let the domain 
dictate the ultimate decomposition. But 
Rasmussen’s hypotheses are a useful 
touchstone to keep you from getting 
completely overwhelmed by the complexity. 

In our own applications of work 
analysis, we never start with the assumption 
that Rasmussen’s levels are the ‘right’ way to 
decompose the deep structure, but we often 
end up with decompositions that match well 
with Rasmussen’s categories. 
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Figure 11.4 This space illustrates different perspectives and approaches for describing situations. 
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Functional Purpose: Goals

The idea that behavior is organized with 
respect to the goal or ends to be achieved did 
not originate with the Cybernetic Hypothesis. 
In fact, this idea was central to behaviorist 
approaches that attributed behavior to the 
presence of rewards and punishment in the 
ecology. For example, the learning behavior 
of rats in a maze could be attributed to the 
acquisition of the reward in the “goal” box. 

In fact, the idea that the goal or ends 
is fundamental to shaping cognitive activity 
was central to functionalist approaches to 
psychology. For example, Dewey wrote that 
“the problem fixes the end of thought and the end 
controls the process of thinking.”24

The impact of the Cybernetic 
Hypothesis, relative to the behaviorist 
paradigm, just shifted the locus of the goal 
from being a stimulus outside the head in the 
ecology (reward or reinforcement) to being a 
plan or intention inside the head. 

Thus, many approaches agree that 
functional purpose is an important constraint 
shaping the activity of a cognitive system. 
For example, John Anderson writes:

... it seems that all cognitive activities are 
fundamentally problem solving in nature. 
The basic argument (Anderson, 1983; 
Newell, 1980; Tolman 1932) is that human 
cognition is always purposeful, directed to 
achieving goals, and to removing obstacles 
to those goals.25

In describing work domains, Rasmussen 
also suggested that in order to ask the ultimate 
question of why an activity is performed it 
was essential to understand the functional 

purpose or goals of the system. For example, 
to understand the operation of a nuclear 
power plant it is important to understand 
the functional goals of that system - to safely 
and economically contribute toward meeting 
the energy demands for a region. 

These functional ends will be 
important sources of constraint for shaping 
the cognitive activities of the plant operators. 
In contrast, a nuclear power plant may serve 
very different goals for a terrorist. It is the 
same plant, but the meaning of the deep 
structure will dramatically change with a 
change in the functional context. 

Thus, the highest level in Rasmussen’s 
Abstraction Hierarchy addresses the 
functional purpose of a problem or situation. 

What is the objective to be satisfied? 
What are the rewards (or threats)? How will 
success be determined? 

There is little controversy here - 
most paradigms include the functional 
purpose as an important constraint on 
cognition. However, the question is what 
is the appropriate level of decomposition 
for describing the purpose (i.e., goals, sub-
goals, sub-sub-goals)? And more specifically, 
how do you link this level of description 
to the details of cognitive activity and/or 
behavior?

Behaviorism put its attention almost 
exclusively on this level of abstraction. In 
searching for explanations to behavior, 
they searched horizontally at this level by 
reducing the goals into smaller and smaller 
sub-goals and ultimately to elemental 
stimulus-response atoms. 
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This is most clearly seen in the construct 
of chaining.26 Researchers such as Hull, 
Guthrie, and Skinner explained behaviors, 
such as maze learning, in terms of 
sequences of elemental pairs of stimulus-
response associations - that when chained 
together (like a string of dominos) led to 
the acquisition of the ultimate goal. For 
the behaviorists, it seemed to be essential 
that the goal-based description be linked 
with the micro-structure of the behavior - 
so that every behavior could be linked to a 
comparable stimulus-response association.

On the other hand, Tolman took a different 
approach to explaining maze learning.27 
Rather than decomposing the purpose into 
finer and finer stimulus-response atoms, he 
shifted the level of abstraction to consider 
other dimensions of the problem or state 
space associated with maze learning. 
He considered different representational 
constraints (e.g., route versus survey 
knowledge) that might shape the problem 
solving strategies.

This brings us to Rasmussen’s next 
level of abstraction.  

Abstract Functions and Priority Measures

In describing the problem of maze learning 
as a state space, what dimensions should be 
used to specify the states or the paths from 
the initial condition to the goal state. Perhaps, 
the states could be described in spatial terms. 
This might be done in terms of routes (that 
is a linear sequence of turns) or it might be 
done in terms of a more abstract description 
- for example, in terms of cardinal directions. 

As we discussed earlier, Tolman 
and others designed a number of clever 
experiments to assess whether the rats in the 
maze experiments might be organizing their 
activities with respect to spatial relations in 
the maze. Figure 11.5 illustrates the logic of 
one of these experiments. In this experiment, 
the rat was first trained to follow the path 
labeled B to attain the food reward. Once this 
behavior was acquired, the learned path was 
blocked. 

From a strict behaviorist interpretation, 
the rat would have no basis to prefer the A 

path over the C path. However, if the rat 
learned something about the spatial relations 
in the maze - then one might suppose that 
the rat would be more likely to chose the C 
path than the A path (since this leads in the 
general direction of the reward).  In fact, this 
is what happened. 

There is much empirical data from 
maze experiments that suggest very strongly 
that rats are not simply learning chains of 
stimulus-response associations or routes, 
but rather they are learning about the spatial 
relations within the maze. In other words, 
they are acquiring survey knowledge. Thus, 
in describing the maze problem - in a way 
that will help understand the dynamic of 
learning - it seems essential to include spatial 
relations as part of that description. 

At the Abstract Function level of 
description the key question is what differences 
make a difference in terms of the problem space? 
In other words, what are the dimensions of 
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the states? Three sources of constraint should 
be considered at this level: action, perception, 
and value. 

As we noted earlier, the state space 
description should reflect the constraints on 
action - what actions are possible in terms of 
motions through the state space. This helps 
to specify the field of possibilities. 

For example, in designing graphical 
decision support systems for nuclear power 
plant control, Vicente28 found it was useful to 
organize the problem representation to make 
the mass and energy balances apparent. Thus, 
for controlling power generation processes, 
energy and mass levels are differences that 
make a difference. 

For controlling motion of inertial 
systems, the laws of motion suggest that 
position and velocity will be important 
dimensions to consider. In both these cases, 
the physical laws (e.g., conservation of 
mass and energy and Newton’s Second 
Law of motion) are the sources that suggest 
important dimensions to be included in the 
problem descriptions.

In addition to action constraints, perception 
constraints become important as potential 
feedback for assessing position in the state 
space relative to the goal - am I getting closer 
or father from the goal. In the case of learning 
the maze, one might consider what sources 
of information are available to the rat with 
respect to spatial relations within the maze? 
In the case of the aviation example discussed 
earlier - the angular relations with the 
horizon - may become important dimensions 
for differentiating potential landing sites. 

Finally, there are often values 
associated with positions and paths through 
the state space, in addition to the final goal 
or ends that are important for differentiating 
the quality of performance. For example, 
these values may be associated with the costs 
of motion or the preferences among paths. 

A trivial example would be the 
instructions in a simple manual target 
acquisition task (i.e., Fitts Law task) that asks 
the participant to move a cursor from a start 
position to a target position in minimum 
time. Thus, in addition to the position goal 

Goal
(food)

Start

A

B

C

Figure 11.5 This illustrates the logic of experiments to assess whether rats are learning spatial relations 
when trained in a maze. After being trained to follow path B to attain food reward, that path 
is blocked. How do rats respond?
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- time becomes an important measure for 
scoring behavior. 

It might be debated whether this should 
be included in the Functional Purpose level 
or this level - but the main point is that any 
differences that make a difference should be 
reflected in the description of the state space 
at the Abstract Function level. 

The Abstract Function level of 
description should provide a description 
of the situation as a functional problem. It 
should be based on fairly general constraints 
such as laws of motion (physical and/or 
legal) relative to the state space, information 
available relative to the goal, and values 
associated with satisfying the function. 
These constraints should be general/
abstract enough so that they can be applied 
to any mechanisms or processes that might 
be envisioned as potential solutions for 
achieving the functional purpose. At this level 
the point is to visualize the field of possibilities. 

In control theory, state space representations 
are typically used to model the boundary 
conditions set by the physics of the situation, 
the initial state, and the goal state. 

For example, Figure 11.6 illustrates 
a state space for a driving task where the 
different initial states of the car were at zero 
velocity at five different distances (300, 250, 
200, 150, 100 m) from the target stopping 
state, which was a wall at the zero position. 

The curves from these initial states 
represent maximal acceleration curves for 
the car. Thus, states below each of these 
curves are unreachable due to the physical 
constraints on motion. The car simply can’t 
reach the combinations of position and 
velocity associated with these states from the 
initial condition due to the laws of motion. 
The curve that intersects (0,0) represents 
maximal deceleration for the car in order to 
stop before crashing into the wall. For states 
below this curve, it is impossible to satisfy 

J.J. Gibson29
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the goal to stop at the 0 position. That is, it 
will be impossible to achieve zero velocity at 
that position. 

The states enclosed by the max 
acceleration and deceleration curves and the 
horizontal axis will be reachable from the 
initial condition, and it will also be possible 
to achieve the goal from those states. Thus, 
this region is one way to represent the field 
of safe travel for this particular driving 
task.  The boundary of the field of safe 
travel represents the minimal time path 
from the initial state to the target state (i.e., 
full acceleration to the mid point, then full 
deceleration). 

The open symbols on the graph in Figure 11.6 
show where people released the accelerator 
to begin breaking early in practice with this 
task. The filled symbols are after five hours 
of practice with this vehicle. Note that the 
participants seemed to learn to operate 
near the margins of the field of safe travel 
consistent with the instructions to approach 
the target position (a wall) as fast as possible 
without crashing into it. 

In this case, plotting the performance 
relative to the physical motion constraints 
helps us to see the ‘logic’ of the participants’ 
decisions about when to release the 
accelerator.
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Figure 11.6 The ‘state space’ is one way to illustrate the constraints that partition the field of possibilities 
for a simple driving task. The points in the diagram illustrate the states at which participants 
released the accelerator, before breaking. Open symbols were from early trials and filled 
symbols are from later trials. The results suggest that participants were discovering the 
minimum time solution to this task – consistent with the instructions to reach the barrier as 
quickly as possible without crashing.30
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Computational Theory

These first two levels in Rasmussen’s 
Abstraction Hierarchy are most closely 
associated to Marr’s concept of a 
Computational Theory31 of the function or to 
Vicente’s Formative description of a problem. 
At this point, minimal consideration is given 
to the constraints of particular designs or 
mechanisms for solving the problem.  For 
example, in the context of maze running, 
this level of description would be equally 
relevant both to understanding how rats 
learn to run mazes and to the design of 
autonomous robots that might be capable of 
solving this problem. 

For Marr, the computational theory 
level of description is at a high level of 
abstraction. It does not specify a specific form 
of representation (e.g., decimal or binary 
numbers). It does not specify a specific 
algorithm or process and it does not specify 
a specific mechanism. The computational 
theory is a description of the problem - or 
function, NOT a description of any specific 
device for solving it. 

In fact, the computational theory 
provides the larger context that should 
encompass all the possible representations, 
algorithms, and devices. It provides the 
context for comparing one representation, 
algorithm, or device with another in terms of 
their ability to satisfy the function - to meet 
the demands of the what and why.

It is important to appreciate that 
almost universally when cognitive scientists 
describes themselves as computational 
theorists or modelers, it is because they are 
building processing programs - algorithms 

or mechanisms (e.g., ACT-R programs), NOT 
because they are wrestling with a deep level 
description of the functional demands of an 
information processing problem. 

Generally, computational modelers 
are filling in the boxes of the classical 
information-processing model with 
input/output mechanisms or programs. 
Computational modelers typically define 
their work in opposition to Gibson’s 
ecological approach. 

However, Marr acknowledged that “in 
perception, perhaps the nearest anyone came 
to the level of computational theory was 
Gibson (1966).” He explains:

Gibson’s important contribution was to 
take the debate away from the philosophical 
considerations of sense-data and the 
affective qualities of sensation and to note 
instead that the important thing about 
the senses is that they are channels for 
perception of the real world outside or, in 
the case of vision, of the visible surfaces. 
He therefore asked the critically important 
question, How does one obtain constant 
perceptions in everyday life on the basis 
of continually changing sensations? This 
is exactly the right question, showing that 
Gibson correctly regarded the problem 
of perception as that of recovering from 
sensory information “valid” properties of 
the external world.32

Thus, for Marr, the computational theory 
of vision was not a theory about a specific 
visual system (e.g., the human eye). Rather it 



221

was a general theory of the problem of using 
light to guide interactions with the world. 

The computational theory of vision 
should not presume anything about the type 
of eye, or type of algorithms involved. The 
computational theory of vision would apply 
equally to natural vision systems and to 
engineered systems. It would apply equally 
to single lens eyes (e.g., mammals) and 
multi-faceted lens eyes (e.g., some insects). 
The computational theory was a theory of 
the general function of vision apart from any 
specific realization of that function.

Vicente (1999) use the term ‘formative 
model’ to make the same point that Marr was 
making with the construct of computational 
theory.

Thus, the point of the two highest levels 
of abstraction is to visualize the field of 
possible solutions to a particular problem. 
The lower levels will then consider the 
particular constraints associated with specific 
mechanisms (strategies, tactics, algorithms, 
organizations) that might be used to achieve 
solutions to the computational problem. 

In other words, the top two levels 
in Rasmussen’s Abstraction Hierarchy 
(Functional Purpose and Abstract Function) 
represent the deep structure of a problem or 
work domain. The lower levels then begin to 
fill out the surface structure associated with 
particular solutions (designs, algorithms, 
organizations, etc.).

K. Vincete
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General Functions and Activities

In order to gain deeper insight into how the 
rat is able to learn about spatial relations 
within the maze, it might be useful to 
describe the general information processing 
functions that might be involved in the 
learning process. For example, somehow the 
rat must sense, interpret, and integrate the 
information about the spatial relations. This 
information then must be retrieved and used 
to guide decisions and actions in the maze. 

The decomposition of a problem into a 
collection of general information processing 
sub-functions - typically represented as a 
flow chart where boxes represent different 
elemental functions - is the signature of 
the information processing approach to 
cognition. 

In the same way that the behaviorist 
paradigm focused on a horizontal 
decomposition at the level of functional 
purpose or goals, the information processing 
approach tends to focus on a horizontal 
decomposition at the level of general 
function. 

Thus, at the highest level of aggregation 
the system is modeled as an information 
channel with input and output. This channel 
is then decomposed in terms of more 
elemental stages (e.g., sensation, perception, 
decision, motor control), and then each of 
these stages can be further decomposed 
through research programs that focus 
exclusively on specific stages. 

At this level of description, constraints 
associated with the organization (e.g., 
closed- or open-loop control) and with the 
flow of information (e.g., channel capacity) 

associated with solving a problem become 
important. These constraints can be described 
in terms of general constraints on control and 
information systems. Or these constraints 
can be linked to the structures of algorithms 
or particular mechanisms associated with 
particular approaches or strategies for 
solving the problem. 

This level of description can be very 
important for understanding how a problem 
can be solved - but no matter what level 
of aggregation - you will have difficulty 
addressing the question of why at this 
level of description. Thus, the question of 
motivation has been largely defined out of 
the information processing approach. 

Both theoretically and empirically, 
the information processing approach starts 
with the assumption of a well-motivated 
participant. It has no basis, however, for 
explaining the source of motivation. This 
is perhaps because these issues of ‘why’ 
require descriptions that include the higher 
levels of abstraction (i.e., functional purpose 
and/or abstract function) that are not well 
represented in terms of general functions in a 
flow diagram. For example, the cost function 
for a control system and the payoff matrix for 
a signal detection system are extrinsic to the 
processing mechanisms.

Note that a general information 
function like ‘encoding’ might be 
accomplished by many different mechanisms 
(e.g., eyes, ears, nose, etc.). This brings us to 
the next level of abstraction, which considers 
constraints associated with particular devices 
for accomplishing a general function.
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Physical Processes and Activities

In digging deeper into the individual 
general information processing functions, 
it is typical for people to seek a grounding 
for the information processes in physical 
properties of either the information 
processor or of the stimuli being processed. 
For example, in visual perception researchers 
differentiate between processing where 
(motion and orientation - magnocellular 
tracts) and processing what (form and detail 
-parvocellular tracts). Or at a more abstract 
level, research on attention has found it 
useful to distinguish different resources 
associated with how information is coded 
and responded to [e.g., different modalities 
(visual or auditory; manual or verbal) or 
different codes (spatial or verbal)].33

In the case of maze learning, the 
sensing function will be important, but the 
nature of the learning may be quite different 
depending on the modalities available for 
sensing. A blind rat will have different 
constraints on the types of information 
that will be available for learning about the 

spatial layout of the maze, than would a rat 
with normal vision.

In designing safety critical systems 
an important distinction at this level 
of abstraction is the degree to which 
specific information processing stages are 
accomplished by humans or automation. 
For example, it is now possible to design 
aircraft that are pilotless (or more precisely 
- the pilot is on the ground). This has very 
important constraints on the ultimate design 
and operation of the vehicle (e.g.,  the size of 
the cockpit; the need for life support systems 
- relative to oxygen, operating temperatures, 
g-force tolerances, transmission delays).

Thus, at this level, the choice of 
a specific kind of physical system for a 
specific information processing function 
introduces other constraints associated with 
the requirements of that physical system 
(e.g., life support for humans; power for 
electrical systems; etc.). These constraints 
also will shape the potential form of problem 
solutions.

Physical Form and Configuration

For many, a full understanding of the rat 
learning the maze will depend on grounding 
the process in the micro-structure of the 
nervous system. For example, in specifying 
the specific brain processes in terms of 
regions, neurons and/or connections that are 
involved and the specific synaptic changes 

that result from the learning process. This 
can be pushed to specific cellular pathways 
and perhaps even to micro-chemical changes 
at specific synapses. Here questions about 
how the physiology of the nervous system 
constrains how the rat learns become 
important. 
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For safety critical systems, the detailed 
spatial configuration of a system introduces 
possibilities that may be difficult to 
appreciate from the more abstract 
representations. For example, different 
types of physical systems (e.g. hydraulic 
and electrical components) may interact 
as a consequence of spatial proximity (e.g., 
being located in the same conduit). In this 
case, understanding the spatial constraints 
among components may be critical (e.g., 
the potential for leaking hydraulics to short 
out electrical sensors will not typically be 
visible in any representation based on a 
decomposition illustrating more abstract, 
general functional relations). 

In neuroscience much has been learned 
as a consequences of the different functional 
deficits associated with damage in specific 
spatial regions of the brain. 

This might be a bit of an exaggeration - 
but much of the current interest in neuro-
science today seems to be motivated by the 
hope that reduction at the physical form 
level will eventually provide the ultimate 
answers to the mystery of cognition. That 
is, once we have a completely detailed map 
of the nervous system (and or the genome) 
we will be able to answer all the questions 
of psychology. That is, the hope is that the 
ultimate answer to what the rat learns in the 
maze will be found in the electro-chemical 
processes of the nervous system. We are 
doubtful.

However, it is true that the 
understanding of the higher levels of 
abstraction have to be consistent with the 
capabilities of the basic physical components. 
A fundamental strategic question for 
cognitive science is where to start the search?

Metaphysics of Situations

In essence, Rasmussen and Marr were 
attempting to define a metaphysical basis for 
describing the deep structure of situations. To 
make this more apparent, it might be useful 
to compare the Abstraction decomposition 
with Aristotle’s four basic causes (final, 
efficient, formal, and material) as illustrated 
in Table 11.1. 

The comparison becomes particularly 
striking if you substitute the word 
‘constraint’ for the word ‘cause’ in Aristotle’s 
framework, to avoid the entailment with 
agency that is typically associated with the 
construct of cause.  

Thus, using Aristotle’s system, cognitive 
or semiotic systems are constrained in four 
ways: 

1) Semiotic systems are constrained by 
the purposes or intentions of the agents 
involved (i.e., final constraints). From 
the perspective of designers this could 
reflect a USE-centered perspective 
where focus is on the functional 
objectives of the designers (i.e., 
what purposes they intend for their 
product). Or it could reflect a USER-
centered perspective where focus is on 
anticipating the goals of the consumers 
or operators who will use the product.
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2) Semiotic systems are constrained by 
the physical and rational laws that 
bound the space of possibilities (i.e., 
efficient constraints). In the case of 
process control systems, physical laws 
(e.g., laws of motion) and rational laws 
(e.g., legal regulations) combine to 
determine the space of possibilities for 
the semiotic system. 

3) Semiotic systems are constrained by 
the form or geometry of the system 
(i.e., formal constraints).  This can 

include constraints associated with 
the structure of an organization (e.g., 
function allocation), the modularization 
of functions in software or hardware, or 
the organization of body components 
(e.g., the kinematic constraints on 
motion). 

4) Finally, semiotic systems are 
constrained by the material properties 
of the components (i.e., material 
constraints). Here the underlying 
chemistry may become significant.

Multiple perspectives: It’s turtles all the way down

Much of modern science is framed in terms 
of reductionism. In the context of Figure 11.4 
this involves horizontal decompositions at a 
particular, privileged level of abstraction. 

While different sciences such as 
psychology, biology, and physics may frame 

the problem at different levels of abstraction 
(e.g., general function, physical function, 
or physical form respectively), each of the 
sciences tends to organize itself around 
horizontal analyses within the specific 
chosen level. That is, there seems to be a 

Marr Aristotle Rasmussen

Computational Theory

Final constraints Functional purpose

Efficient constraints Abstract function

Representation & 
Algorithmic Formal constraints General function

Hardware 
implementation Material constraints

Physical function

Physical form

Table 11.1.  Three alternative ways to visualize the deep structure of situations. 
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search for some single privileged atomistic 
level of description that will provide the 
ultimate answers to the major questions (e.g., 
units of information, cells, molecules, or sub-
atomic particles). 

The problem with this approach is 
that there is no stopping rule. For example, 
in physics it seems that as the technology 
improves we continue to break matter into 
smaller and smaller pieces. This problem is 
often illustrated with the turtle story that has 
been attributed to both Bertrand Russell and 
William James. 

Here is one version: 

A well-known scientist (some say it was 
Bertrand Russell) once gave a public 
lecture on astronomy. He described how the 
earth orbits around the sun and how the 
sun, in turn, orbits around the center of a 
vast collection of stars called our galaxy. At 
the end of the lecture, a little old lady at the 
back of the room got up and said: “What 
you have told us is rubbish. The world is 
really a flat plate supported on the back 
of a giant tortoise.” The scientist gave a 

superior smile before replying, “What is the 
tortoise standing on?” “You’re very clever, 
young man, very clever,” said the old lady. 
“But it’s turtles all the way down!”34

In recognition of the turtle problem (no 
stopping rule) and inspired by observations 
of the behavior of expert fault diagnosis, 
Rasmussen’s approach was to use 
interactions across levels of abstraction 
to guide decisions about the appropriate 
decomposition level. That is, rather than 
looking for a stopping rule within a level of 
abstraction (horizontal analysis), Rasmussen 
looked across levels (vertical analysis). 

Figure 11.7 illustrates two different 
ways to visualize the interactions across 
levels of abstraction. In 11.7A the relations 
across levels of abstraction and level of 
aggregation are illustrated along a diagonal 
in the space. 

In analyzing verbal protocols from 
observations of expert fault diagnosis, 
Rasmussen observed that these experts 
would often switch between different levels 
of abstraction - moving up to consider a 
particular fault in terms of more abstract 

Jens Rasmussen35
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functional relations and then moving down to 
link the functional organization with specific 
details of the system. Diagraming this search 
process in the abstraction-aggregation space 
often resulted in an iterative motion that 
tended to move up and down the diagonal 
- till eventually zeroing in on the precise 
location of a fault.

The implication of orienting the levels of 
abstraction along the diagonal in Figure 
11.7A is that in moving down levels of 
abstraction, increasingly finer details become 
important. This suggests, for example, that 
there will be little value in reducing the goal 
of attaining food - in the case of the rat in the 
maze - into finer and finer subgoals. 

Function Purpose
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General Function
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Figure 11.7 This illustration shows two ways to think about relations across levels of Abstraction: A - 
shows the levels as spanning the diagonal from holistic descriptions in terms of functional 
purpose to detailed descriptions of physical form; B - shows the levels as nested sets of 
constraints.
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Rather, once you understand the motive 
that is organizing behavior, it will be more 
valuable to understand the problem of 
navigation in terms of spatial constraints on 
motion. Then it might be valuable to consider 
how this spatial information is processed 
in terms of general information processing 
functions. These in turn might be explored 
in terms of general physical constraints of 
the maze and the rat. Finally, these general 
physical constraints might eventually be 
linked to the specific layout of a particular 
maze or the neural anatomy of the rat. 

The search will not necessarily move 
top-down across the diagonal, but rather 
discoveries at one level of analysis may 
motivate one to reassess the description at 
either higher or lower levels of analysis. 
However, in the end the ultimate description 
of a problem space will ground the functional 
description in the physical details - and will 
explicate the physical details in relation to 
satisfying certain functions. 

In general, however, the point of the 
diagonal is that level of abstraction and level 
of aggregation will be at least loosely coupled 
in the dynamics of cognition - with the 
appropriate level of detail increasing as one 
moves down through levels of abstraction. 

It is important not to take the 
‘diagonal’ of this space too literally – but just 
to realize that in general, the higher levels 
of abstraction will get you to the ‘ballpark’ 
(provide general constraints) and the lower 
levels of abstraction will typically provide 
the details. Just as in a control system, the 
‘goal’ accounts for the long-term steady state 
for a well-designed control system, but it 
will not specify the activities needed to get 
there.

Thus, abduction engines will tend 
to move (explore) along the diagonal in 

the Abstraction-Aggregation space. They 
will generate hypotheses top down - based 
on intentions and associated regularities 
(that provide the basis for anticipation/
prediction), but they will test these 
hypotheses bottom-up in terms of the 
specific pragmatic consequences of action in 
the ecology - and thus, this structure needs to 
be captured in our theory of situations.

Figure 11.7B illustrates the Abstraction 
Hierarchy as a nesting of constraints. In 
this context, the Functional Purpose level 
of abstraction provides the context within 
which to understand constraints at lower 
levels of abstraction. 

As Rasmussen (1986) notes:

The way in which the functional properties 
of a system are perceived by a decision 
maker very much depends upon the goals 
and intentions of the person. In general, 
objects in the environment in fact only exist 
isolated from the background in the mind 
of a human, and the properties they are 
allocated depend on the actual intentions. 
A stone may disappear unrecognized into 
the general scenery; it may be recognized 
as a stone, maybe even a geologic specimen; 
it may be considered an item suitable to 
scare away a threatening dog; or it may be 
a useful weight that prevents manuscript 
sheets from being carried away by the wind 
- all depending on his immediate needs.36

The Abstract Function level focuses on 
the dimensions for describing possibilities 
relative to the functional purpose or 
intentions. Again, this reflects the possibilities 
in terms of constraints on action, perception, 
and value relative to the goal. At this level, 
one has the broadest picture of the field of 
possibilities for achieving the goal in terms 
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of the opportunities for controlled action 
(maximal degrees of freedom). 

At each successive level below the 
Abstract Function level the degrees of 
freedom (the range of possibilities) become 
narrowed by further constraints in terms 
of the functional organization (General 
Function Level), the physical realization 
(Physical Function Level), and the detailed 
geometry (Physical Form Level). 

Any problem - from the simplest 
laboratory puzzle to complex work domains 
such as operating a nuclear power plant - 
can be described in terms of nested levels of 
abstraction. And in fact, the problem must be 
described in terms of these multiple levels in 
order to appreciate the dynamics of cognition, 
where the subjective experience motivating 
behavior (the desire or intention; the why) 
must be linked to action in a physical ecology 
(the behavior; the consequence; the how). 

In other words, the descriptions at 
multiple levels of abstraction are necessary 
in order to relate situations to awareness 

(or mind to matter) in order to appreciate 
what matters. Thus, the diagonal of the 
abstraction-decomposition space provides a 
framework for describing the ‘deep structure’ 
of a problem. 

This is a pluralistic perspective in 
that each level of abstraction provides an 
alternative valid description of the semiotic 
problem. Each level of abstraction represents 
a different way to ‘see’ the system. Note that 
the different points along this diagonal are 
not ‘parts’ of the whole. Rather, each is a 
different view or way of looking at the whole. 

The full abstraction-decomposition space 
represents many different valid ways to 
represent a functional problem and the  
‘diagonal’ is a subset of the many possible 
ways for viewing the semiotic system that 
may be particularly useful with respect to 
insights into the dynamics of pragmatic 
semiotic systems that are well grounded in 
the deep structure of the ecology or problem 
space. 

Summary

In sum, the Abstraction Hierarchy is a 
multi-level description that spans both the 
functional and physical constraints in order to 
understand the deep structure that potentially 
shapes the activity of a triadic semiotic system 
(i.e., operating according to an abduction 
logic). The need for such a description was 
most clearly illustrated in Simon’s oft quoted 
analogy of the ant on the beach.37

In this analogy Simon noted that a 
description of the beach over which an ant 

travels - relative to the rewards, threats, and 
action capabilities of the ant - can be critical 
for explaining the behavior of the ant. The 
Abstraction Hierarchy offers a framework 
for describing the beach. 

However, it is important to note that at 
the same time the beach is shaping the ant’s 
behavior - the behavior of the ant is changing 
the landscape of the beach. Thus, the deep 
structure does not refer to an ecology that 
sits ‘out there’ apart from the ant. It is an 
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ecology that is specific to the experiences of 
the ant (e.g., needs, desires, capabilities). The 
deep structure, thus, is a property of the full 
triadic semiotic dynamic. 

A triadic approach to cognition 
demands that the dynamics of human 
experience be grounded both in the 
constraints on awareness and the 
constraints on situations. In the previous 
chapter, Rasmussen’s Decision Ladder was 
introduced as a useful tool for visualizing the 
semiotic dynamics from the perspective of 
cognitive activity in searching for a solution. 
In this chapter Rasmussen’s Abstraction 
Hierarchy was introduced as a useful tool for 
visualizing the abduction dynamics from the 
perspective of the ecology (situations). 

Figure 11.8 illustrates how the two 
perspectives suggested by Rasmussen 
(the decision ladder and the abstraction 
hierarchy) fit into our image of the triadic 
semiotic system. Note that both perspectives 
are considering the entire dynamic - but 
the emphasis changes. It is important to 

avoid a dualism - where awareness and 
ecology are seen as separate realities. These 
are two perspectives on the single reality of 
experience. In linking these two perspectives, 
Rasmussen’s distinction between signals, 
signs, and symbols can be very useful. 

The fundamental lesson of 
Rasmussen’s work on problem solving in the 
context of fault diagnosis is that the search 
to understand a complex process requires 
exploring at both different levels of detail and 
at different levels of abstraction. In searching 
to understand a problem more fully, it is 
important not only to consider ‘how’ a 
problem is solved in terms of mechanisms 
(algorithms or particular solution paths), 
but it is also important to consider how this 
problem relates to the field of possibilities 
(i.e., alternative paths) in the state space and 
the goals and values of the semiotic system. 

It is impossible to compare alternative 
solutions or designs in terms of their quality 
(which solution is better) without this 
computational perspective. 
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At the end of the day, the goal is to construct 
a theoretical and empirical science that can 
embrace the full scope of human experience 
- including both that slice of reality that has 
been classically associated with the agent 
or ant (mental, subjective) AND that slice of 
reality that has been classically associated 
with the ecology or beach (physical, 
objective).  

Thus, the Abstraction Hierarchy is 
designed to ground satisfying, specifying, 
and affording in the dynamics of the situation 

and the Decision Ladder is designed to 
ground satisfying, specifying, and affording 
in the dynamics of awareness. But human 
experience is always an emergent property 
that reflects the coupling of constraints of 
awareness with constraints of situations. 
In searching for the emergent properties 
of semiotic systems, we need to explore 
both alternative levels of decomposition 
(essentially differentiation) and alternative 
levels of abstraction (essentially integration 
or categorization).
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Chapter 12 
 The Heart of the Matter?

Any philosophic explanation of Quality is going to be both false and true precisely because it 
is a philosophic explanation. The process of philosophic explanation is an analytic process, a 
process of breaking something down into subjects and predicates. What I mean (and everybody 
else means) by the word ‘quality’ cannot be broken down into subjects and predicates. This is 
not because Quality is so mysterious but because Quality is so simple, immediate and direct.1

On first encounter with Rasmussen’s 
Abstraction Hierarchy it seemed odd to have 
Functional Purpose at the pinnacle, as the 
highest constraint. Certainly, the intentions 
(e.g., to create a safe, clean, affordable source 
for electricity in the case of nuclear power) 
could not dominate the physical laws (e.g., 
thermodynamics). At first blush, it would 
seem that the physics must set the highest 
constraint and that intentions must be framed 
in the context of these physical constraints. 

In the context of process control, it 
seemed obvious that the physics of the 
process set the ‘hard’ constraints, and that 
the intentions and values of the designers 
and operators were only ‘soft’ constraints. 
However, we have come to conclude that 
for meaning processing semiotic systems, 
Rasmussen got it exactly right. A cognitive 

system is defined by its ‘desires’ as the 
foundation for everything else! 

This is the difference between a rock 
and a piloted aircraft. The motion of the rock 
reflects a passive reaction to the extrinsic 
forces applied in accord with the physical 
laws of motion. On the other hand, while an 
aircraft may be subject to similar forces and 
it is subject to the same physical laws, its 
motion is not determined by those laws. In 
fact, it might be fair to say that the aircraft’s 
motion path will be determined in spite of 
the extrinsic physical forces and laws, since 
the pilot will actively null or counter the 
impact of any forces that result in deviations 
from her goal. 

While the aircraft’s motions are 
constrained by the physical laws, they are 
NOT determined by those laws! It would 
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be more accurate to say that the aircraft’s 
motions are determined by the goals and 
values of the pilot working in concert with 
the physical laws. Thus, in the cognitive 
system, intentional constraints dominate 
physical constraints. While the pilot cannot 
violate the physical laws, it is the pilot, not 
the physical laws that controls where the 
aircraft will go. But the pilot not only thinks, 
she also feels. 

This brings us to a fundamental 
question about the basic nature of goals and 
values, about desire, or about quality. To 
what extent are goals and values associated 
with the head (i.e., mind), as opposed to the 
heart (i.e., body/matter)? 

In this case, we are not referring to 
anatomy, per se. The head is used to represent 
classically rational processes associated with 
planning and problem solving relative to 
satisfying some objective. On the other hand, 
the heart is used to represent supposedly 
more primitive, ‘bodily’ processes associated 
with aesthetic sensibilities, passions, desires, 
or emotions. 

Up to this point, we have looked at 
decision processes, like buying a house, 
through the lens of cold rationality. In that 
context, the debate has focused on various 
types of ‘objective’ reasoning processes 
(e.g., compensatory versus lexicographical 
processes or normative versus ecologically 
grounded models of choice) that are typically 
evaluated relative to some ‘objective’ 
criterion. But what role does passion or 
emotion play? 

In my life, I have bought two houses, 
and I can tell you that the choice process did 
not seem to fit with classical prescriptions for 
rationality. In both cases, my wife and I fell 

in love with the houses we bought first, and 
then we worked out a rational explanation to 
justify our choices (both to ourselves and to 
others). Consistent with Klein’s RPD model, 
we immediately recognized the home we 
wanted when we saw it! 

In fact, many of the important choices I 
have made in my life (e.g., a wife, a career, a 
car) seem more like falling in love, than like 
deliberate problem solving. It is almost like 
the object chooses (or attracts) me, rather than 
the other way around. It doesn’t seem like I 
add the data up to determine the choice, but 
rather it seems like I ‘cook’ the data to make 
the ‘logic’ consistent with what my heart 
(emotion) leads me to. In these cases, desire 
seems to set the target (i.e., makes the choice) 
and then the cognitive work seems to focus 
on overcoming any obstacles in the way (e.g., 
negotiating the price, finding the funds, etc.).

For the most part, the role of emotions 
in cognition has been ignored or at worse 
emotion has been considered to be a 
primitive source of noise (or interference) to 
be filtered (or tamed) by the superior logical 
processes of mind. 

This fits well with the computer 
metaphor of mind – that frames questions 
about thinking, decision making, and 
problem solving in the context of logic. 
The computer thinks, but it does not feel. 
In this context, emotions are typically seen 
as remnants of a more primitive stage of 
evolution that reflects lower forms of life. 
However, as we move away from the image 
of a logical engine and begin thinking more 
in terms of an abductive logic based on 
ecologically grounded heuristics, the door is 
open to consider plausible roles for emotions 
in connecting situations and awareness. 



237

Embodied Cognition

In the dualistic ontology inherited from 
Descartes, emotions were associated with the 
body that was part of the physical world. This 
physical world was distinct from the world 
of thinking that was thought to function 
independently from the constraints of 
physical laws. In fact, that was the challenge 
for philosophy and psychology to discover 
the distinct laws of mental functioning. 

This perspective set the frame for 
Saussure’s dyadic semiotics that framed the 
semiotic problem in terms of the relations 
between signals and concepts, without 
consideration for how the signals were 
grounded in a physical ecology. This in 
turn became the foundation for Chomsky’s 
approach to language in terms of a closed 
logical system. And this also fit with the 
computer metaphor of mind, which viewed 
the mind as a symbol processor. With the 

computer metaphor, the focus of psychology 
was on the logic of the software framed 
independently from any constraints of the 
hardware.

Although people realized that the 
software had to be implemented on a physical 
medium, attention was almost exclusively 
on brain function. Few appreciated the fact 
that the rest of the body, the face, hands, 
arms, legs, feet and the physical constraints 
of the environment (e.g., gravitational field, 
visual field, acoustic field) might be critical 
factors in shaping experience in general and 
cognition in particular. 

Before we consider the roles of passion 
and emotion in shaping human experience, 
let’s consider more generally the role of the 
physical body. 

Two people who did appreciate the role 
of the body in shaping human experience 

Antonio Damasio2
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were Jacob von Uexkül and James Gibson. 
Uexkül’s construct of umwelt reflected the 
observation that ‘meaning’ was shaped by 
the physical relations between and animal 
and its ecology. The same object, for example 
a flower, will have different meanings for 
different animals as a function of body size 
and type. It might be a shelter for one insect, 
a source of nectar for another; it might be 
nutrition for a cow; and a decoration for 
a child. These meanings are not arbitrary, 
but they are a natural consequence of the 
physical relations between the object and the 
animal. 

Gibson recognized how the body 
shaped experience with the construct 
of affordance. The affordance construct 
recognized that the ‘meaning’ of an object 
was a function of the constraints and 
consequences of interacting with that object. 

This was illustrated with the earlier 
example about how body size might be 
a factor in determining what is a safe 
distance from the edge of a cliff. Again, 
too close is not an absolute distance, but 
rather it might reflect a relation involving 
the height of the observer.  Note, that while 
the visual angle allows easy detection of too 
close, it is not eye-height per se that is the 
physical constraint that is important, but 
rather the height of the center of mass that 
determines whether a slip forward might be 
catastrophic. 

Similarly, Ester Thelen’s work on the 
development of walking and more recent 
work on the development of walking robots 
based on passive computations demonstrates 
clearly the importance of taking physical 
constraints into account in order to 
understand motor coordination. 
All this work seems to have direct relevance 
for perceptual-motor skill, but are there 

similar implications for other aspects of 
cognition? 

Lakoff and Johnson argue quite 
convincingly that the answer is “Yes!” They 
argue that the mind is ‘embodied’ such that 
language and, in fact, all of our conceptual 
experiences are grounded in our physical 
interactions with the world. They argue that 
the nature of our physical interactions with 
the world shapes the concepts and categories 
that we use to think. 

For example, they argue that a 
fundamental concept like ‘time’ is based on 
generalizations of experiences with motion 
and physical change. They argue that a 
fundamental concept like ‘cause’ is based on 
generalizations of our experiences using our 
muscles to apply forces to initiate changes. 
Thus, for Lakoff and Johnson, physical 
experiences play a fundamental role with 
respect to “what matters” for cognitive 
systems.

Lakoff and Johnson suggest that a 
fundamental vehicle for constructing a rich 
mental life from basic physical experience is 
metaphor. That is, our physical experiences 
provide the conceptual sources that we then 
apply to more abstract experiences in order 
to make sense of them. 

For example, anger is understood in 
relation to our experiences with heating 
of liquids (e.g., boiling, seething, build up 
of pressure, explosions) and solids (e.g., 
burning and loss of functionality). 

The important implication of the Lakoff 
and Johnson hypothesis is that the ‘logic’ 
of cognition is not based on disembodied 
mathematical constructs such as probability, 
but rather in the systems of metaphors that 
guide the sensemaking processes. Thus, in 
order to get insight into human rationality, 
it becomes necessary to probe the semantic 
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entailments of the metaphors that shape our 
conceptual life.

For Lakoff and Johnson, the mind and 
body become integrated through metaphor 
so that our mental life is essentially a 
metaphorical extension of our physical 
experiences. Figure 12.1 illustrates how this 
hypothesis fits with the underlying triadic 
dynamic of semiotics and abduction. 

In this case, the experiences with a 
physical system (e.g., muscle control, heated 
liquids) become the ‘sources’ of expectations 
and hypotheses that link the medium (e.g., 
movement kinematics, red face, frantic 
motions) with an underlying functional 
process (e.g., cause or movement kinetics). 
Thus, our experiences with heated liquids may 
shape our understanding (e.g., in explaining 
why someone behaves the way they do) and 
our interactions with an angry person (e.g., 
stay clear to avoid getting scalded). 

Given the dynamics illustrated in Figure 
12.1, the metaphors that become engrained 
in common language that are described 
by Lakoff and Johnson would be ones that 
have been reinforced in terms of leading to 
productive interactions with the ecology. 
In other words, enduring metaphors are 
ones that capture the ‘deep structure’ of the 
situations to which they are applied. 

Although Lakoff and Johnson seem 
quite optimistic about the prospects that 
cognitive science will bring mind and body 
together into a ‘philosophy of the flesh,’ many 
of those who focus on the physiological basis 
for cognition, continue to maintain a clear 
hierarchical separation between the ‘higher’ 
centers (e.g., neocortex) that are thought to 
govern the rational or logical aspects of our 
thinking and the ‘lower’ centers (e.g., brain 
stem) that are associated with the more 
primitive, emotional aspects of our thinking.

Target Source

Error - Surprise

Specifying

Performatory - Exploratory
Action

Intention - HypothesisConsequence

(e.g. social interac-
tion with angry 

person)

(e.g. red face, 
agitation)

(e.g. experiences 
with heated liquids)

Figure 12.1 This figure illustrates the triadic semiotic dynamic of abduction through the lens of metaphor. 
The hypothesis is that metaphors that lead to stable relations within this dynamic become 
enduring frames or schema that shape rationality.
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Phineas Gage

Antonio Damasio begins his book Descartes 
Error with the remarkable story of Phineas 
Gage. This story is recounted in many 
introductions to Psychology as an important 
case study that led scientists to more fully 
appreciate the role of brain processes in 
shaping personality. 

Phineas Gage had a severe brain injury 
as a result of an accident while tamping an 
explosive charge intended to clear rocks 
for a railroad bed. Although Phineas Gage 
survived the accident, changes in his 
personality were noted. In particular, Phineas 
seemed to change from a reliable worker 
to a drifter who seemed to have difficulty 
sustaining permanent employment or long-
term relations. 

The story of Phineas Gage seemed to 
fit the conventional narrative where higher/
newer brain centers are thought to provide 
the higher cognitive abilities that differentiate 
humans from other animals.  Thus, the 
damage to these brain centers (e.g., pre-
frontal cortex) are thought to be the reason 
for difficulty in controlling or inhibiting 
the more primitive (animalistic) impulses 

associated with lower brain centers. Thus, 
Phineas seemed to be less able to cope with 
the demands required for success in a more 
civilized (less animalistic) society, because 
he lacked the cognitive skills required for 
managing social life due to damage to the 
frontal cortex. 

However, there was one aspect 
of this narrative that puzzled Damasio. 
It seemed that with Phineas Gage (and 
similar contemporary cases that Damasio 
examined) the damage did not seem to 
impact performance on standard measures 
of intelligence or cognition. Although the 
contemporary cases showed that, as with 
the Gage story, people with similar brain 
trauma had difficulty coping with the social 
demands of life after the trauma (e.g., losing 
jobs, failing marriages), these people tended 
to show no change in IQ or in other measures 
of cognitive ability. 

So, if it is not a deficit in cognitive ability 
how can we account for the poor social 
choices that these people make after the 
brain trauma?

The Iowa Gambling Task

Damasio eventually discovered a “cognitive” 
task that seemed to differentiate people such 
as Phineas Gage from people who have not 
suffered the same type of brain trauma.3 
The task is illustrated in Figure 12.2 and it 
is typically referred to as the Iowa Gambling 
Task. 

In this task the participant is initially given 
a ‘stake’ of play money (e.g., $2000). They 
are then faced with an array of four decks 
of cards with neutral labels (e.g., A, B, C, 
D). They are instructed that they can choose 
cards from any of the four decks and that 
with each choice they will receive some 
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money, but on some choices they will also be 
required to pay a penalty. They are instructed 
that the goal of the game is to make as much 
money as possible. They do not know how 
many choices they will get to make before 
the game ends. 

The four decks for the Iowa Gambling 
Task are constructed so that two of the decks 
pay a fixed high value on each turn ($100) 
and the other two have a fix low payoff on 
each turn ($50). The twist in the game is that 
the two decks with the high fixed values 
are associated with high risks - occasionally 
higher penalties, such that the expected 
value (over 10 turns) is negative. 

In one of these decks (A/H5) there are 
five penalties of $250 per every 10 turns. In 
the other deck (B/H1) there is one penalty of 
$1250 per every 10 turns. For both of these 
decks the expected value is negative (i.e., 

on average there will be a loss of $250 over 
every ten turns). 

The two decks with lower fixed payoffs 
are associated with lower risks. For one of 
these decks (C/L5) there are five penalties of 
$50 per every ten turns and for the other deck 
(D/L1) there is one penalty of $250 dollars 
per every ten turns. For these two decks, the 
expected value is positive such that players 
can expect to win $250 per every ten turns. 

This game is designed to simulate some 
of the uncertainties associated with choices 
in everyday life – with no clear end and with 
uncertain risks. 

In playing this game, most people show 
an early preference for the high payoff decks. 
However, they eventually move toward a 
more ‘rational’ strategy (i.e., consistent with 
expected value) in which preference is given 
to the lower payoff/risk decks. Although 

H5 H1 L5 L1

Payoff/Card $100 $100 $50 $50

Penalty/10 cards 5 x 250 = $1250 1 x $250 5 x 50 = $250 1 x $250

Expected Value/10 Cards $250 loss $250 loss $250 gain $250 gain

Figure 12.2 This figure illustrates the Iowa Gambling Task in which a person chooses from four decks with 
the goal of making as much money as possible. Two of the decks (A, B) are associated with 
high payoffs and high risks, such that the overall expected value is negative. The other two 
decks (C, D) are associated with lower payoffs and lower risks, such that the overall expected 
value is positive.
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some people will occasionally make a choice 
from the high payoff decks, as the game 
progresses most people will have a strong 
preference for the more prudent choices 
associated with the low payoff/risk decks. 
This is the normatively better strategy, 
because it results in a positive outcome in the 
long run.

The interesting thing about the Iowa 
Gambling Task is that people with brain 
trauma similar to that experienced by 
Phineas Gage showed a different pattern of 
responding than most people. 

As Damasio describes:

… the frontally damaged patients 
systematically turned more cards in the 
A and B decks, and fewer and fewer cards 
in the C and D decks. Despite the higher 
amount of money they received from 
turning the A and B cards, the penalties 
they kept having to pay were so high 
that halfway through the game they were 
bankrupt and needed to make extra loans 
from the experimenter.4

Some other interesting observations about 
the performance of the people with damage 
similar to Gage’s: 

1) They appear to recognize the ‘bad’ 
decks. 

2) They seem to react to the ‘punishment’ 
of big penalties by avoiding that deck 
for a short time after the penalty, but 
unlike most people, they soon returned 
to the bad deck.

Another difference was noted in later studies 
that measured peoples’ skin conductance 
(GSR – galvanic skin response) while 
playing the game. The people with frontal 
lobe damage showed a similar response 
as everyone else to turning over the cards 
and learning of the result (payoff and/or 
penalty). 

However, most people also developed 
an anticipatory response to choices from 
the bad deck that increased as the game 
progressed. That is, after a short time people 
typically showed a GSR response when they 
considered or decided to make a choice from 
one of the ‘bad’ decks, and the magnitude of 
this response tended to increase as the game 
continued. Note that this GSR response was 
anticipating the possibility of a large loss. 

In contrast, the people with frontal 
lobe damage “showed no anticipatory response 
whatsoever, no sign that their brains were 
developing a prediction for a negative future 
outcome.”5

The Somatic-Marker Hypothesis

Damasio formulated the Somatic-Marker 
Hypothesis to account for these differences. 
This hypothesis suggests that with 
experience, choices that lead to very bad or 

very good outcomes become associated with 
an emotion that ‘marks’ that choice in terms 
of a ‘gut’ reaction that will be experienced 
when that choice is faced in the future. The 
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consequence of this ‘gut’ reaction is that 
choices associated with a negative ‘gut 
feeling’ will be quickly eliminated from the 
set of potential options. Similarly options 
with a positive ‘gut feeling’ may be elevated 
or made more salient/attractive among the 
other potential options. 

In the Iowa Gambling Task, the 
anticipative GSR response that most people 
experienced when considering the ‘bad’ 
decks would be evidence of this somatic-
marker that functions as an automated alarm 
signal warning of potential danger. The 
impact is to ‘bias’ these people toward the 
safer choices - in effect leading them to make 
choices that avoid the risks. In the particular 
case of the Iowa Gambling Task, this leads 
to more effective decision-making (i.e., 
consistent with maximizing expected value). 
It seems that for patients with damage 
similar to Gage’s, this alarm does not sound, 
allowing them to eventually be seduced by 
the larger immediate payoffs in the ‘bad’ 
decks.  This in turn exposes them to the large 
risks that lead to calamitous results. 

Damasio sums up the Somatic-Marker 
Hypothesis as follows:

In short, somatic markers are a special 
instance of feeling generated from 
secondary emotions. Those emotions and 
feelings have been connected, by learning, 
to predicted future outcomes of certain 
scenarios. When a negative somatic 
marker is juxtaposed to a particular future 
outcome the combination functions as an 
alarm bell. When a positive somatic marker 
is juxtaposed instead it becomes a beacon of 
incentive.6

The Somatic-Marker Hypothesis puts the 
story of Phineas Gage in new light. Rather, 
than his difficulties adjusting to social life 
following the accident being attributed to a 
failure of the ‘higher’ brain centers to inhibit 
the animalistic instincts associated with 
the ‘lower’ brain centers, the difficulties 
are attributed to a failure of the emotional 
components of lower brain centers to inform 
or shape the choices made by the higher 
brain centers. 

Blaise Pascal
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This suggests that the brain damage that Gage 
experienced disrupted the communications 
or coordination between higher and lower 
centers of the brain – in effect, between head 
and heart.

This challenges the conventional 
wisdom that separates the ‘higher’ logical 
aspects of mind from the ‘lower’ emotional 
aspects of matter/body. Once again there is 
a very clear implication that what matters 

involves a coordination between mind 
and body, between mind and matter. This 
challenges the conventional wisdom that 
puts ‘logic’ in a privileged position relative 
to ‘emotion’ in the hierarchy of rationality 
and control. 

The Somantic-Marker Hypothesis 
emphasizes that rationality in everyday life 
may depend on coordination between logical 
and emotional components of experience. 

Putting Emotion into Control

In introducing the logic of control theory in 
Chapters 6 (Circles), 7 (Controlling), and 8 
(Observing) the focus was on the dynamics of 
closed-loop systems in contrast to the billiard 
ball metaphors of causality that tend to guide 
experimental work inspired by information 
processing models of cognition.  However, it 
is important to note that the block diagrams 
and the presence of ‘feedback’ are not unique 
to control systems. 

There are many physical (e.g., springs), 
physiological (e.g., homeostasis), and social 
(e.g., prey-predator systems) systems that 
involve a similar circular coupling among 
variables as illustrated in the various 
block diagrams. These systems could be 
modeled using the same forms of differential 
equations used to model control systems. 
However, these systems would probably not 
be characterized as ‘control’ systems, at least 
in the engineering sense of the term. In effect, 
there is no ‘pilot’ or ‘autopilot’ controlling or 
directing action. 

We suggest that the thing that 
differentiates control systems in the 

engineering sense from other closed-loop 
processes is the existence of a cost function. 
That is, in designing a control system an 
engineer is explicitly trying to optimize or 
at least satisfice with regards to some set of 
values that is typically operationalized as a 
cost function. 

In manual control theory, the cost 
function is typically operationalized in terms 
of minimizing a joint function of error and 
effort (i.e., reducing error without expending 
too much effort). In signal detection theory, 
the cost function is typically operationalized 
as a payoff matrix reflecting the value of 
correct actions (hits, correct rejections) 
relative to the costs of errors (misses, false 
alarms). 

The quality of a controller and/or 
observer is determined relative to the cost 
function. That is, there is no such thing as 
an ‘optimal’ controller or ‘ideal’ observer 
without reference to the value system 
associated with the consequences of the 
choices that are made. 
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Also, note that the cost function is not 
represented in the block diagram of a control 
or observer system. 

However, it is in reference to an implicit 
or explicit cost function that an engineer 
would make choices about the parameters 
associated with the control logic in the 
boxes (e.g., the gains). The cost function is 
the measure of quality or goodness with 
respect to the control system’s function. 
Perhaps, it is this fact, that the cost function 
is not explicitly represented in the ‘images’ of 
control systems, that has led to its omission 
from consideration in models of information 
processing. 

Here are ways that the cost function fits 
into the problem of what matters:

1) the cost function corresponds with 
the highest constraint in Rasmussen’s 
Abstraction Hierarchy;

2) the cost function is intimately tied 
to rationality, particularly in relation 
to understanding ‘why’ a person is 
attracted to or repelled from some 
choices relative to others;

3) the cost function is intimately tied to 
the emotional experiences associated 
with outcomes

To emphasize the significance of emotion 
to control/observation, Figure 12.3 adds 
an emotion component to the triadic 
semiotic model. We want to emphasize that 
‘consequences’ must be assessed relative to 
a value system and that this value system 
reflects both objective (e.g., practical) 
and subjective (e.g., emotional) facets of 
experience. 

In addition, consistent with the spirit 
of Damasio’s Somatic-Marker Hypothesis, 
it is important to realize that the emotions 
or feelings are integrated in our awareness 
and that the resultant feelings color our 
assessment of events and our expectations 
about the future. 

Another issue raised in connection 
with the observer problem was the common 
currency problem. In that context, the issue 
was how to compare an intention to land 
safely with the visual information associated 
with the current trajectory (e.g., optical flow 
field) in order to choose the appropriate 
actions on the stick, throttle, and rudders. 

However, Damasio raises a similar 
issue with respect to complex decisions. 
For example, he gives the example of a 
businessman who is considering a possibly 
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lucrative business deal with the archenemy of 
a dear friend. In deciding whether to pursue 
the deal the businessman must compare the 
potential benefits to his business against the 
potential impact on a valued relation. 

How do you compare these very 
disparate things?

Damasio writes:

You are, in fact, faced with a complex 
calculation, set at diverse imaginary 
epochs, and burdened with the need to 
compare results of a different nature which 
somehow must be translated into a common 
currency for the comparisons to make any 
sense at all.7

Damasio concludes that the cold analytic 
rationality associated with normative logical 
models will simply be overwhelmed by the 
complexity of this calculation. 

At best, your decision will take an 
inordinately long time, far more than 
acceptable if you are to get anything else 
done that day. At worst, you may not 
even end up with a decision at all because 
you will get lost in the byways of your 
calculation.8

Emotion may be the common currency that 
allows us to compare disparate alternatives? 

It may be the gut feeling driving 
some of our intuitive choices. It may be 
the sword that cuts the proverbial Gordian 
knot of complexity, bypassing the need to 
analytically compare options. Rather than 
analytically comparing alternatives, you go 
with your gut! In essence, you seek the more 
positive experiences. You buy the house that 
‘feels’ like a good home.

Affording Satisfying

Error - Surprise - Emotion

Specifying

Performatory - Exploratory
Action

Intention - Hypothesis
Feelings

Consequences 
Practical - Emotional

Figure 12.3 This figure illustrates the triadic semiotic dynamic of abduction in a way that explicitly 
recognizes that consequences have practical (objective) and emotional (subjective) components; 
that these consequences elicit an emotional reaction; and that these emotional reactions are 
integrated in a way that shape our feelings about the future
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Emotions vs. Complexity

The literature on leadership suggests that 
one of the characteristics of effective leaders 
is a bias toward action. In contrast, poor 
leadership is often associated with a ‘paralysis 
of analysis’ in which leaders are unable to 
act while they weigh all the variables and 
possibilities that will potentially impact 
the outcome of a choice. This paralysis 
often results in loss of opportunities in a 
dynamic environment where the windows of 
opportunity are opening and closing. 

The penchant for action is illustrated 
in the legend of Alexander the Great and the 
Gordian Knot. The Gordian Knot is a metaphor 
for a complex problem that is intractable 
when approached by conventional analytical 
means (i.e., by disentangling it). However, 
the problem may be easily solved through 
decisive action (i.e., cutting the knot with a 
sword). 

Many decisions that we make may be 
effectively Gordian Knots (e.g., buying a 
house, choosing a career, choosing a mate, 
deciding to have a family). There are so 
many factors to consider, the options are 

so disparate that making comparisons is 
extremely difficult, and there are often an 
uncountable number of options to consider 
(e.g, the perfect house may go on the market 
tomorrow, interest rates might change). 

In addition, there are finite windows 
of opportunity for effective action (e.g., 
someone else might buy the house you 
wanted). Recognizing the challenge of these 
Gordian Knots, Walker Percy wrote “Lucky is 
the man who does not secretly believe that every 
possibility is open to him.”9 Percy knew that 
this secret belief could result in a ‘paralysis 
of analysis’ that would ensure a sad and 
difficult life. 

In fact, this paralysis of analysis is 
exactly what Damasio observed with people 
with damage similar to Gage.  For example, 
here is Damasio’s description of one of his 
patients with ventromedial prefrontal lobe 
damage:

I was discussing with the … patient when 
his next visit to the laboratory should take 
place. I suggested two alternative dates, 
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both in the coming month and just a few 
days apart from each other. The patient 
pulled out his appointment book and began 
consulting his calendar. The behavior that 
ensued, which was witnessed by several 
investigators, was remarkable. For the 
better part of a half-hour, the patient 
enumerated reasons for and against each 
of the two dates: previous engagements, 
proximity to other engagements, possible 
meteorological conditions, virtually 
anything that one could reasonably think 
about concerning a simple date…. He was 
now walking us through a tiresome cost-
benefit analysis, an endless and fruitless 
comparison of options and possible 
consequences. It took enormous discipline 
to listen to all of this without pounding on 
the table and telling him to stop, but we 
finally did tell him, quietly, that he should 
come on the second of the alternative dates. 
His response was equally calm and prompt. 
He simply said: “That’s fine.” Back the 
appointment book went into his pocket, and 
then he was off.

This clearly illustrates the problem 
of conventional analytical models of 
rationality based in logic or normative 
economic models when faced with the 
complexities of everyday life. They lack a 
‘stopping rule.’ 

The analytic models provide a means for 
doing the computations, for processing 
the data, for making comparisons, but the 
computations will continue blindly as long 
as data is being fed in. Typically, there are 
no intrinsic criteria for terminating the 
computation in order to act. 

In contrast, heuristics such as those 
described by Gigerenzer10 typically have 
explicit stopping rules. Thus, one of the 
advantages of heuristics relative to more 
normative approaches is that heuristics 
are typically recipes for action, rather than 
processes for doing computations. This is 
emphasized in Rasmussen’s decision ladder 
which represents the heuristics as short cuts 
that by-pass analytical processes to link 
perception and action. 

Perhaps somatic markers are an 
important factor in reinforcing the heuristic 
short-cuts across the decision ladder as the 
basis for everyday human rationality. Thus, 
the gut emotions associated with heuristics 
are the reason why they ‘feel’ right, even 
when people recognize the limitations 
relative to normative logic. 

We hypothesize that these ‘feeling’ 
primed heuristics are the foundations for 
common sense! They are the swords that 
allow us to solve the Gordian Knots of every 
day life. 

Beautiful Things Work Better!

This claim, typically associated with Don 
Norman11, reflects intuitions that have long 
been held by designers and artists. However, 
the statement can be somewhat puzzling in 

the context of the conventional dualistic view 
of mind and matter. 

This is because it associates the practical 
objective property of ‘working better’ with 



249

the emotional subjective property of ‘beauty.’ 
Conventionally, these dimensions have 
been treated as if they were orthogonal (i.e., 
unrelated) dimensions. Yet the claim suggests 
that they are correlated!

One way that people have tried to 
make sense of this claim is to reconsider 
what it means to be ‘beautiful.’ Perhaps, 
beauty is associated with function! So, that 
part of what makes something beautiful is 
the degree to which it satisfies its intended 
function. But of course, this blurs the lines 
between the objective functional value and 
the subjective emotional value, suggesting 
that the emotion is in part based in the 
functional value. 

Alternatively, maybe the subjective 
emotional reactions that are typically 
associated with ‘beauty’ may in effect be 
somatic-markers. These markers increase the 
attraction to the beautiful things increasing 
the likelihood that they will be used. The 
consequence is that we are more likely to 
choose the beautiful things and make them 
work!

We suspect that both explanations are 
in part why the claim is true. The functional 
‘fit’ of an object constitutes part of its 
beauty and the subjective beauty of a thing 
constitutes part of our attraction to using it 
and making it work. 

The net effect is that beautiful things often 
will work better! This is a key component 
of Experience Design. As Marc Hassenzahl 
observes:

Usability Engineering… traditionally 
focuses on problems, frustration, stress and 
their removal. By restricting itself to the 
“what” and the “how” – levels of action 
… the field quite understandably became 
concerned with ensuring the potential 
instrumentality of interactive products. 
However, avoiding the bad experience 
due to lack of instrumentality does not 
necessarily equate with providing a positive 
experience.12

The block diagram representations of control 
systems focus on the ‘what’ and ‘how.’ 
However, to address the question of ‘why’ it 
is necessary to consider the cost function. 

This is where questions of desire and 
motivation may be significant and where 
beauty might make a critical difference. 
Hassenzahl continues:

… the real advancement of an experiential 
approach is in understanding and focusing 
on what makes an experience positive, 
pleasurable, good. HCI already has a 
profound knowledge about avoiding the 
bad. What is needed is a science and 
practice of the positive.13

Closing the loop on Emotion

It is tempting to invert the conventional 
wisdom that places the newer regions of the 
brain (neo-cortex) that are associated with 
analytical thinking at the pinnacle of the 

cognitive control system, with an alternative 
model that puts the older regions (mid and 
hind brain) that have endured through 
natural selection at the pinnacle. However, 



250

rather than framing this in the form of a 
classical either/or debate, frame it in terms 
of an inclusive (both/and) perspective where 
it is the intimate coupling of mind and body/
matter that determines what matters!

The problem with conventional 
wisdom is that the emotional component 
of the coordination has been ignored or 
even vilified as a source of error or noise. 
Although cognitive researchers and theorists 
have recognized that value is subjective (e.g., 
subjective utility theory), the subjectivity 
has been operationalized in a very objective, 
unemotional way. 

Prescriptions for effective decision 
making have focused on the process for 
integrating ‘values’ not on the source of the 
values. The emphasis is on ‘how’ to preform 
the computations, not on ‘why’ some 
outcomes are more attractive than others. 

One of the clear motivations of the 
classical work in decision making14 (e.g., 
Kahneman and Tversky) has been to identify 
flaws in human rationality, so that these flaws 
can be corrected through training or through 
the use of more reliable automated decision 
tools. However, there is, in fact, very little 
evidence that decision making in complex 
domains can be improved through training in 
the conventional norms of decision making. 
Or that automatons based on normative logic 
are better at making complex decisions than 
human experts.15

Perhaps, one reason for this is that the 
conventional norms focus on the analytical 
processes. However, effectiveness may 
depend more on the actual values associated 
with alternatives, than with the analytical 
processes.

For example, Kahneman writes:

The objections to the principle of 
moderating intuitive predictions must be 
taken seriously, because absence of bias is 
not always what matters most. A preference 
for unbiased predictions is justified if 
all errors of prediction are treated alike, 
regardless of their direction. But there are 
situations in which one type of error is 
much worse than another. When a venture 
capitalist looks for “the next thing,” the 
risk of missing the next Google or Facebook 
is far more important than the risk of 
making a modest investment in a start-up 
that ultimately fails.16

The point that we want to emphasize is that 
the quality of a decision may rest less on the 
process of choice and more on the process 
of assigning value. This is where experience 
in a domain becomes essential and where 
generic knowledge about analytic processes 
is impotent. 

In every day life, the consequences 
of errors are rarely symmetric or equal. 
The benefits of experience in a specific 
domain for effective decision making is 
learning about the values (i.e., the costs and 
benefits) associated with various options 
and consequences. In everyday life, effective 
decision making is measured relative to the 
cost functional, rarely does the quality of the 
decision depend on the processes used to 
make it. 

For example, an accident or near miss 
when driving may result in an emotional 
shock that will mark similar situations and 
might lead to a safer more cautious driving 
attitude. This emotional shock doesn’t act 
directly on the decision or control process, 
but rather it acts on the cost function through 
a heightened awareness of the risks and 
dangers. The end result is a more cautious 
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decision or control strategy consistent with 
the changed cost function. 

Thus, the difference between an 
experienced and novice driver may not be 
in the ‘analytic skill,’ but in the calibration 
of value. An experienced driver is more 
in tuned with the risks and opportunities 
associated with driving and thus is able to 
choose the safer path. In terms of the Iowa 
Gambling Task, the experienced driver is 
less likely to be seduced by the immediate 
rewards (e.g., getting to the destination 
quicker). The experienced driver will be 
biased toward choosing from the good (safe) 
decks. 

Perhaps the only places where process 
matters is in the classroom, where you might 
be required to show your work or justify the 
logic of your choice; and in the courtroom 
where you may have to defend the logic of a 
decision that resulted in a bad outcome (e.g., 
the decision to build a nuclear power plant 
on the coast of Japan). 

In this light, the fixation of cognitive 
science on process may be the strongest 
evidence we have for hindsight bias. Process 
becomes important when trying to fix blame 
through causal analysis from the biased 
perspective of hindsight. However, everyday 
life is lived forward, not backward.

Escaping Dualism

As decision theorists like Gary Klein and 
Gerd Gigerenzer begin to look beyond the 
horizon of simple laboratory gambles, the 
appreciation for expertise and common sense 
that involves more intuitive approaches to 
decisions that integrate gut feelings into the 
process is growing.17 However, vestiges of 
Descartes’ mind/body dualism remain in 
the tendency to pose two types of processes 
– analytic versus intuitive. 

In his recent book, Kahneman uses 
the distinction between System 1 (intuitive) 
and System 2 (analytic).  This duality is also 
reflected in the distinction between right 
(intuitive/aesthetic) versus left (analytical/
linguistic) brains. And in contemporary 
media this duality is reflected in the 
characters of Captain Kirk (intuitive/action 
bias) versus Spock (analytic/logic bias) or 
Dr. McCoy (analytic/conservative bias). 

Be skeptical about this parsing of the 
cognitive system. On the one hand, recognize 
that the cognitive dynamic associated with 
problem solving and decision making can 
appear qualitatively different in different 
situations. The behaviors involved in solving 
simple gambles or puzzles that have been 
typically used in laboratory experiments (e.g., 
crypto-arithmetic) tends to be qualitatively 
different than the type of behavior observed 
in more naturalistic contexts (e.g., buying 
a home). On the other hand, do these 
qualitative differences reflect different 
internal mechanisms (System 1 vs System 2), 
or whether the qualitative differences simply 
reflect the different situational demands?

Rasmussen’s decision ladder suggests 
that there are many paths through the 
cognitive system and also suggests qualitative 
distinctions associated with different types 
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of paths (i.e., skilled-, rule-, and knowledge-
based). However, these qualitative 
distinctions in the decision ladder are a 
consequence of the situational grounding 
available for connecting perception and 
action (i.e., signals, signs, and symbols). They 
do not reflect different internal mechanisms.

Maybe there are not different 
mechanisms (e.g., different decision ladders). 
But rather there are many paths through a 
single mechanism (e.g., one decision ladder 
or a single neural or associative network). 
However, the patterns of behavior associated 
with different paths are qualitatively different 
as a consequence of the differential situations 
that the cognitive agent is adapting to. 

Perhaps, the tendency to reify the 
qualitative distinctions in behavior as 
internal mechanisms reflects erroneous 
scientific reasoning (e.g., what James referred 
to as the Psychologist’s Fallacy). More 

recently, Gigerenzer and colleagues have 
made a similar suggestion:

… the ecological analysis is a remedy 
against solely attributing behavior to 
internal factors – such as cognition, 
motivation, or affect – an explanatory 
strategy so prevalent that psychologists 
have labeled it the fundamental attribution 
error in their participants (Ross, 1977), 
while at the same time they often overlook 
it in their own theories.18

The alternative to committing the 
fundamental attribution error is to attend 
more carefully to the role of the situational 
demands in shaping the qualitative 
distinctions that are observed. Figure 12.4 
suggests two dimensions of situations that 
may contribute to the qualitatively different 
kinds of strategies that emerge from the 
triadic semiotic dynamic. 

Figure 12.4 This suggests distinct categories of situations as a function of the number of degrees of 
freedom and the pace of change. Satisfying the demands of each of the four quadrants will 
require qualitatively different styles of control. 
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The horizontal dimension refers to the 
number of variables or degrees of freedom 
that are relevant to effective action. The 
vertical dimension refers to the pace of 
change in relation to effective action. 

We suggest that each of the four 
quadrants that results reflect demands for 
qualitatively different solutions. 

The quadrant labeled ‘Toy Worlds’ 
reflects the types of tasks that are typically 
used in laboratory experiments on problem 
solving and decision-making. In these types 
of situations analytical strategies will be the 
most successful. These are closed system 
problems suited to normative decision 
models and they are within the limited 
capacity (e.g., working memory) of humans. 

The quadrant labeled ‘Computational 
Complexity’ also reflects stationary or closed 
systems, where the normative decision 
models should work well. However, they 
exceed the limited working memory capacity 
of humans. Thus, success depends either on 
access to computational tools with higher 
capacity (e.g., pen and paper and unlimited 
time or computer-based decision aides) or 
on using heuristics that respect the bounded 
capacity while still being responsive to the 
situational demands (e.g., focusing on a few 
particularly important variables). 

The somatic-markers may be one aspect 
of the dynamic that helps us to satisfice. For 
example, the somatic-markers may help 
us to focus on the important variables or 
heuristics that generally result in satisfactory, 
if not optimal solutions [e.g., to at least 
discriminate the ‘good’ (safer) decks from 
the ‘bad’ (riskier) decks].

The quadrant labeled ‘Manual 
Control’ reflects problems that are typically 
associated with perceptual motor skill, 
where people have to manage a few degrees 

of freedom in a dynamic situation (e.g., 
hitting a one touch volley on goal or landing 
an aircraft). In this domain, the prescriptions 
of normative models of control will generally 
be appropriate. And, as some of the research 
cited in Chapter 7 suggests, with experience 
humans will typically converge on solutions 
that are consistent with the prescriptions of 
the normative (e.g., optimal) control models. 

The last quadrant labeled ‘dynamic 
complexity’ is where intuitions based 
on conventional logic will often not be 
adequate. Yet, the situations in this quadrant 
are probably most typical of the problems 
and decisions that determine success in 
life. It is in this quadrant where the deficits 
from damage to the prefrontal cortex will be 
evident. 

This quadrant is labeled chaotic to 
reflect the fact that conventional ways to 
decompose problems based on the intuitions 
of linear analytic techniques or traditional 
causal reasoning will fail. It is here where 
‘experience’ and ‘wisdom’ are the best 
guides. It is here where Captain Kirk, Spock, 
and Dr. McCoy must work together to keep 
the boat stable amid the waves of epistemic 
uncertainty. 

The Dynamic Complexity Quadrant 
is where the head and heart must trust each 
other and work together to muddle through. 
In this quadrant there is only the logic of 
survival – the right choice is the one that 
works! And often the only reason it works 
will be that you did what was required to 
make it work! 

This involves more than classical logic. 
It often requires going forward and following 
your intuitions, even when conventional 
logic says to turn back. It involves passion, 
persistence, and discipline. In this quadrant 
it is not about making the ‘right choice.’ It 



254

is about making your choices work! And 
typically, this will require the efforts of both 
head (mind) and heart (body). 

Again, it is tempting to argue that the 
heart must take the lead in the Dynamic 
Complexity Quadrant. But we think this 
again reflects a dualistic trap based on 
either/or reasoning. We believe it is a matter 
of coordination between heart and head. It 
is not so much that the heart must lead, but 

rather that the heart is a necessary partner in 
the Dynamic Complexity Quadrant. Success 
depends on effective coordination between 
heart and head in order to make the choices 
work out right! 

Without Captain Kirk, Spock and Dr. 
McCoy might get caught in infinite analytical 
loops and never pull the trigger, but without 
Spock and Dr. McCoy, Captain Kirk may not 
be able to make his choices work!
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Chapter 13
Dynamics Matter

Dynamics is a formal branch of physics 
that deals with physical forces and their 
relation to motion. However, more generally, 
dynamics refers to patterns of change over 
time. In particular, we want to contrast this 
with the construct of cause, which is typically 
isolated as a particular point in time where a 
process is initiated (e.g., the root cause error 
that triggers a catastrophic accident). 

These different relations to time have 
huge implications for how we think about 
phenomena – whether we visualize these 
phenomena as isolated elemental particles 
interacting like colliding billiard balls 
or cascading dominoes; or whether we 

visualize these phenomena as interacting 
patterns of constraint as in electromagnetic 
or gravitational fields. 
The diagram on the opening plate to this 
chapter was inspired by Herbert Simon’s 
parable of the ant on the beach. Simon writes 
that “viewed as a geometric figure, the ant’s path 
is irregular, complex, hard to describe. But its 
complexity is really a complexity of the surface of 
the beach, not a complexity in the ant.”1 In this 
chapter we would like to take the parable 
of the ant on the beach as a common theme 
that can be used to explore ways to unpack 
behavior trajectories in order to make sense 
of the dynamics of human experience. 

Time Histories

In the causal narrative, time is visualized as 
ticks of a clock or beats of a metronome with 
a clear ordering so that one beat precedes 
the other. This conventional view uses order 

in time as a critical index to the underlying 
causal dynamics. 

Thus, to find ‘causes’ follow the path 
backwards in time. Figure 13.1 adds time 
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signatures (tn) to the path and a spatial grid 
(x-y coordinate system) so that we can better 
associate place and time. The spatial grid 
in Figure 13.1 is quite coarse, but both the 
tick tempo and spatial grid can be made as 

fine as necessary, depending on the scale of 
resolution that a researcher chooses. 

It is now possible to associate position on 
the grid coordinates with time to create graphs 
of the time histories of the ant’s movements. 
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Figure 13.1 The trajectory of the ant can be quantified in terms of ticks on a clock (tn) and spatial 
coordinates (x,y) as illustrated here.
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Figure 13.2 The trajectory of the ant can be represented as time histories for each of the two spatial 
dimensions (x on the left & y on the right).
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Figure 13.2 shows separate time histories for 
x and y. However, it is also possible to create a 
three-dimensional time history that shows x-y 
position as a function of time – although this 
can be difficult to represent on a 2D page. 

Because it is inconvenient to deal 
with the two-dimensional space of the 
beach, a researcher might choose to bring 
the ant into the laboratory where behavior 
can be observed in an ecology with lower 
dimensionality. 

For example, Figure 13.3 illustrates one 
possible configuration in which the ant is 

constrained to move along a restricted path, 
so that the activity space can be reduced to 
a single dimension (i.e., distance from the 
home). This is somewhat analogous to the 
Fitts’ Law paradigm for evaluating human 
motor control2.

Figure 13.4 shows what a sample time 
history for position and velocity relative 
to the initial home state might look like. 
The time history shows behavior over 
time. Examining behavior over time can be 
essential in order to discover the underlying 
dynamics of a system. 

Figure 13.3 To learn more about the capabilities of the ant a researcher may observe behavior in a more 
constrained experiment that is more convenient for analytical purposes.
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Figure 13.4 An sample time history of behavior in the experiment illustrated in Figure 13.3. Position and 
velocity relative to the initial home position are plotted as a function of time.
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The graph of the time history allows us 
to ‘see’ important aspects of the ants’ 
behavior (e.g., time to reach the target, peak 
velocity). It also allows us to make inferences 
about the organization of behavior. For 
example, inferences about component sub-
movements can be made from the position 

and velocity patterns. The peaks and valleys 
in the velocity profile suggest possible 
places to partition the overall trajectory into 
components, where each component has an 
acceleration and a deceleration phase. The 
pattern in Figure 13.4 suggests two or three 
component sub-movements.   

Dynamic Constraints in Space-Time

Note that in converting the behavior of 
the ant into a time history graph much 
information about both the ant and the 
beach are lost. Where is the meaning in this 
data? One way that physics has added some 
semantics to time histories is to consider the 
impact of absolute constraints – such as the 
speed of light. Thus, any objects that would 
require movements at speeds above the speed 
of light to reach are simply unreachable by 
the ant. They are outside of the ant’s reality. 
Also, any events in the past that would 
require moving at the speed of light to reach 

the ant are also outside its reality – they are 
not possible pasts or possible causes. They 
are not possible experiences.

Perhaps for biological and cognitive 
systems, we might modify this so that rather 
than using the speed of light as the critical 
constraint, we might use the maximum 
speed that the ant can travel (or for a 
cognitive system we might also be interested 
in the speed to process information). Thus, 
in Figure 13.5 we might use the top speed 
of the ant as a constraint to add some 
meaning to the time histories. This allows 

Richard Feynman3



261

us to partition the space into possible pasts 
(where the ant could have been), possible 
futures (where the ant might go), and also 
to isolate space-time coordinates that are 
outside the ant’s reach. That is, the ant 
cannot get to (or have come from) those 
spaces due to constraints on how fast it 
can move. Although there may be things in 
the ant’s ecology that can move faster than 
the ant, so we may want to consider other 
constraints (e.g., the speed of a predator) to 
use in partitioning space-time.

Remember in Chapter 7, we saw that 
it can be useful to examine performance 
of control systems with respect to the 
frequency domain. This might involve using 
a continuous tracking paradigm, where the 
ant might have to pursue a moving target or 
null a disturbance. 

In the frequency domain, the time 
history is visualized relative to sinusoidal 
patterns, rather than relative to ticks on a 
clock. The sine waves are ordered in terms 
of frequency (rate of alternation) and the 

measure is the amplitude or power (i.e., 
strength) of the response and phase shift 
(e.g., time delays) at each frequency. 

As was illustrated in Chapter 7, 
patterns in the frequency domain can 
be linked to properties of the system 
dynamics or transfer function (e.g., an 
integrator results in a decreasing amplitude 
response with increasing frequency and a 
quarter cycle (90°) phase shift.  Figure 13.6 
illustrates that Fourier Analysis can be used 
to convert from the time domain (using ticks 
of the clock as the index of events in time) 
to the frequency domain (using sinusoidal 
frequencies as the index of events over 
time).

The frequency domain response can 
be used to make inferences about dynamic 
constraints within the ant, just as McRuer 
and Jex were able to use the frequency 
response in a compensatory tracking task 
to build a model of the human pilot. That 
is, the pattern of amplitudes and phases 
over frequency can be compared with the 
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FOURIER
ANALYSIS

Figure 13.6 Using Fourier Analysis the information in the time domain can be converted to the frequency 
domain in which events are indexed relative to patterns over time (i.e., sine waves of different 
frequencies, amplitudes, and phases.
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Figure 13.8 This ‘state space’ diagram shows the ant trajectory as a function of the two state variables: 
position and velocity.
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patterns of known systems (e.g., a mass-
spring-dashpot system) to infer whether the 
response is similar to those systems. 

For example, the frequency response 
might be characteristic of a second-order 
lag, suggesting that movements of the ant 
are constrained by Newton’s Second Law of 
Motion. Thus, the limiting factor on motion 
may not be an absolute velocity, but rather 
the limiting factor may be more accurately 
specified in terms of possible accelerations. 
Figure 13.7 shows how this might impact the 
fields of possibility with respect to the ant’s 
movement time history.

Once you have a model of the ant (based on a 
transfer function derived from the frequency 
characteristics or some other means), an 
alternative representation of the dynamics can 
be derived using model variables or states. 
For example, a model of the ant as an inertial 
system would be a second-order differential 
equation with two degrees of freedom (initial 
conditions) or states – position and velocity. 
Thus, it might be possible to visualize the 
ant’s motion within a state space. That is, 
rather than x-y coordinates, the coordinates of 
the state space might be position and velocity, 
as we will see in Figure 13.8.

Events in Space-Time

Once we know the dynamic limits on ant 
motion, we can apply these limits to where 
the ant is as in Figure 13.7, but we can also 
apply these limits to where the ant wants to 
be as in Figure 13.9. Figure 13.9 allows us 
to visualize an initial condition (where the 
ant is now) relative to some future goal or 
desirable path. In this example we used error 
relative to an optimal path as the index of 
position. 

Note that the constraints on motion 
can be applied to both the initial and target 
states. Thus, the shaded fields represent 
states that can’t be reached from the initial 
condition and states from which it would be 
impossible to reach the target. The remaining 
open space between the now state and the 
target state represents a field of possibilities, 
or in Gibson’s terms a field of safe travel.4 All 
possible paths for achieving the target will be 
within this space. 

An event space allows us to highlight 
intentional relations between where a system 
is and where a system might intend to go.  
The field relating the initial state to the goal 
state includes possible futures relative to the 
initial state and possible pasts with respect 
to the goal state. Note these possible futures 
and pasts are the result of motion constraints 
of the ant. 

Within the space of possibilities, it 
would be possible to highlight specific 
paths of interest that link the initial and goal 
states. For example, the minimum distance, 
minimum time, and minimum effort paths 
might be of interest. In a flat, uncluttered 
space, these might all be the same straight 
line from target to goal. However, in a 
cluttered, undulating terrain these might be 
three different paths. If they were different, 
it would be interesting to see if the ant’s path 
tended to be closer to one of these than to the 
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others. This would provide some insight into 
the ant’s value system (e.g., whether it was 
trying to save time or effort). 

It is important to note that the dynamic 
limits to ant motion depicted in Figures 
13.5, 13.7, and 13.9 are constraints over time. 
They apply to any space-time state that the 
ant might occupy or to any goal state that 
might be consider in relation to the ant. The 
motion constraints don’t cause behavior. 
However, these constraints shape the field of 
possibilities from which the ant can choose. 
Applying the logic of field analysis the field 
of possibilities becomes smaller and smaller 
as a function of the number of constraints. 
What are some additional constraints that 
might limit the field of possibilities for the 
ant? 

Figure 13.10 was first introduced in 
Chapter 11. This figure illustrates behavior 
(releasing the accelerator prior to braking) 
as a function of position (relative to a wall 
at position = 0) and velocity. The horizontal 
axis represents distance from a wall and the 
vertical axis represents velocity toward the 
wall (negative velocity indicates the direction 
toward the wall). 

The five curves that intersect the 
horizontal axis on the right indicate 
maximum accelerations for each of five initial 
states (velocity = 0 at five different distances 
from the wall). These reflect constraints on 
the initial conditions for the different trials. 
The single curve that meets the horizontal 
axis at position = 0 represents maximum 
braking that leads to 0 velocity at the wall. 
This reflects a constraint associated with the 
goal to stop before reaching the wall, or more 
precisely to kiss the wall. 

By mapping these dynamic constraints 
(maximum acceleration and maximum 
deceleration) on the state space it is possible 

to partition the space to show the Field of 
Safe Travel. This Field of Safe Travel includes 
the states that can both be reached from the 
initial condition and which allow stopping 
without collision with the wall. 

Outside of the Field of Safe Travel 
are states that are unreachable given the 
initial condition – the car can not accelerate 
fast enough to get to those combinations of 
position and velocity; and states that will 
not allow approach without collision – from 
those positions and velocities it is impossible 
to brake hard enough to stop (achieve 0 
velocity) before reaching the wall. 

 Visualizing behavior relative to 
the dynamic motion constraints, such as 
in Figure 13.7, allows us to interpret that 
behavior in terms of the internal constraints 
of the human-machine system, including 
constraints on motion and intentional 
constraints (to stop at the wall). This 
allows us to consider dynamic constraints 
(e.g., the car’s motion capabilities) as well 
as environmental constraints (i.e., the 
position of the wall) in order to make sense 
of the driver’s behavior. The state space 
representation helps us to see behavior in 
terms of what matters. 

The pattern of behaviors in Figure 
13.7 suggests that with practice participants 
adopted a bang-bang style of control 
in which they followed the maximum 
acceleration path to start and then released 
the accelerator in anticipation of the 
maximum braking limit. This suggests 
that the participants learned the dynamic 
limits of the simulated vehicle they were 
controlling. Note that this is very near to the 
optimal control in terms of getting from the 
initial positions to the wall in minimum time 
without collision, which is exactly what we 
asked participants to do. 
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We might typically say that the participants 
learned to brake at the “right time”, but 
it might be more precise to say that they 
learned to brake at the “right state.” In fact, we 
suspect that the information that supported 
this skill were optical correlates to the state 
variables - position (optical angles of the wall 
edges) and velocity (optical expansion rate of 

those edges).7 Note that this study was done 
on a desktop simulator. Thus, the driver did 
not experience the g-forces associated with 
maximum accelerations and decelerations. In 
an actual driving situation the G-forces that 
are comfortable may be important constrains 
that shape the driver’s performance, as 
suggested in Figure 13.11. 

Alternative Alphabets for Labeling States

What if there are dynamic constraints (e.g., 
preferences of the ant for a particular food) 
that might be difficult to model in terms of 
differential equations. Is it possible to derive 
a state space representation? 

Figure 13.12 provides another way to 
partition the ant’s activities in space-time. 
Rather than using x-y coordinates, the space 
is identified in terms of ‘places’, in this case 
the places are locations within the grid. 

However, the space could also be divided 
to reflect specific objects on the beach (e.g., 
home, food, rocks, etc.). The places then 
become a sort of alphabet for labeling the 
ant’s behaviors. 

The location alphabet becomes the 
state description of the process, with each 
character in the alphabet (each place) 
corresponding to a different state. Figure 
13.13 represents the behavior of the ant with 
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respect to place as a state transition diagram 
in which the states are identified as nodes 
and arrows represent transitions from one 
node (i.e., state) to another. The numbers 
on the arrows indicate the frequency for 
each transition. The state transition diagram 
provides a conceptual map for visualizing 
the sequential relations among the states. 

Given this state description, insights 
into the underlying dynamics of the ant-
beach interaction can then be gained from 
examining the transitions between states. 
Figure 13.14 shows a state transition matrix 
(or return map) for the ant-beach interaction. 
The vertical axis of the matrix represents the 
state of the ant-beach system (i.e., position 
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or place) at a time t and the horizontal axis 
of the matrix represents the state of the ant-
beach system at a time t+1. An entry in this 
matrix corresponds to a transition from one 
state to another in a single time step. For 
example, the ‘1’ entry at K,K indicates that 
the first transition was from K to K (the ant 
was at place K on both P

0
 and P

1
). The next 

transition (2) the ant moves from K at P
1
 to G 

at P
2
, and so on. 

The state transition matrix allows 
the behavior of the ant-beach system to be 
quantified using information statistics (based 
on a metaphor with entropy in physical 

systems). The information or entropy of 
the system reflects the degree to which the 
behavior ‘fills’ the state space or space of 
possibilities. 

If the behavior fills the space, so that 
entries are distributed evenly throughout the 
matrix, this would indicate that the behavior 
is unconstrained (maximum entropy or 
maximum information). In other words, all 
things (transitions) are possible! 

If the distribution of the entries in 
the matrix is ‘clumpy’ (as it is), with some 
spaces having many entries and others being 
empty, then this would be evidence that 

A B C D E F G H I J K L M N O P

A 8, 9, 
39, 40 10, 41

B 7, 38 5, 6, 
36, 37

C 4, 35, 
6, 5

34, 63, 
64

D 33

E 11, 12, 
42, 43 44 13

F 45 46

G 3, 62

H 32 61 31, 60

I 14 15

J 47, 48, 
49

K 2 52, 53 1 54

L 30, 59
27, 28, 
29, 55, 
56, 57

M 16 17

N 18, 19, 
20 21

O 51 22, 23 24

P 26 25

Pt+1

Pt

Figure 13.14 This state transition matrix or return map shows sequential transitions from one state 
(place on the grid in Figure 13.7) to another at each step along the behavioral trajectory of 
interactions between ant and beach.  
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the behavior is being constrained in some 
ways. In other words, this indicates that 
some relations are more likely, or happen 
more often than others. Events that happen 
very often might be identified as ‘attractors’ 
indicating that the system repeats these 
transitions over and over again. Other events 
that never happen or that happen only rarely 
might be identified as ‘unattractive’ or maybe 
even ‘repelling.’

It is important to note that the technical 
use of the term information – a measure of 
uncertainty or degrees of freedom – can 
seem at odds with the way the term is used 
in common speech. The information statistic 
will be maximal when the state transition 
matrix is uniformly filled. This suggests that 
it is possible to move from any state to any 
other state in a single step. Thus, it is difficult 
to predict what will happen next – there is 
maximal uncertainty, maximal possibilities, 
or maximum information. 

In everyday language, the term 
information is generally used in relation 
to messages or observations. If we actually 

look to see where the ant is, the amount of 
information in that observation typically 
refers to how much uncertainty was reduced 
as a result of that observation. 

Thus, an observation (or message) is 
most informative when our prior uncertainty 
about the state of the system was greatest, 
and is least informative when we have no 
uncertainty prior to the observation.  If we 
already know where the ant is, then the 
observation does not reduce our uncertainty 
at all. The degree of information in a message 
reflects properties of the message in relation 
to properties of the source (the number of 
possibilities) and properties of the receiver 
(the amount of uncertainty about those 
possibilities).

If the ants behavior is highly 
constrained (i.e., it is clumpy with respect 
to the transition matrix), then it is relatively 
easier to predict where the ant might be. 
Thus, each observation is less ‘informative.’

As Claude Shannon says in the quote 
below, the information index itself was not 
designed to measure meaning. However, 

Claude Shannon
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the fact that the distribution in the transition 
matrix does not fill the whole space (e.g., 
entropy or information is less than the 
maximum) suggests that the system is 
constrained and it is these constraints that 
are potentially meaningful. These constraints 
are the source of the patterns (e.g., melodies, 
see end quote from Eddington) that allow 
us to make predictions about the behavior 
of the system being examined. For example, 
we might start by considering the cells in the 
transition matrix in Figure 13.14 that get the 
most entries.

The cell in the transition matrix (Figure 
13.14) with the most entries is L-L. This 
suggests that the ant spends a lot of time 
at the place corresponding to L. You might 
look at Figure 13.12 to see what could be 
significant about that place on the beach? 
Cells A-A, B-B, and E-E also have more 
entries than other cells. Again, look at Figure 
13.12 to see why the ant might be attracted to 
those places. 

It can also be useful to look at the 
cells with no entries. For example, consider 
the cells in the A row. There are transitions 
from A to A and from A to E, but there are 
no other transitions. For example, there are 
no transitions from A to L. This might reflect 
a constraint on how fast the ant can move 
relative to the measured time intervals. It 
may be impossible for the ant to get from 
A to L in a single time step. What is special 
about the transition from A to E?  Aha, this 
transition is associated with the path from 
food to home!

Thus, while the information statistics 
don’t provide meaning, they do allow us 
to quantify whether the phenomenon is 
constrained or not. If there are constraints, 
then the distribution in the transition matrix 
relative to its mapping on the phenomenon 

can inform our hypotheses about what these 
constraints might be. For example, is it due 
to a physical constraint on motion (e.g., how 
fast the ant can move or the presence of an 
impassable obstacle) or is it a value constraint 
(e.g., a nutritious food source). The quality of 
our hypothesis with respect to identifying 
meaningful constraints will depend in part 
on the alphabet we use in order to create the 
state transition matrix. 

Figure 13.12 shows one alphabet. 
Figure 13.15 illustrates some alternative 
alphabets for mapping the space. The map 
on the left uses a polar coordinate system 
centered on the home. The map on the right 
identifies specific objects on the beach as 
the letters in the alphabet. A state transition 
matrix can be constructed from either of 
these maps. One can think of the different 
maps as coordinate transformations in 
mathematics or alternative projections in 
cartography.9 

The art of discovery, particularly with 
respect to discovering what matters, can 
hinge on the choice of the right coordinate 
system for your map. Different coordinate 
systems will make different aspects of the 
functional dynamics more or less obvious.

Some things that might be considered 
when choosing this alphabet include:  limits 
on affording (e.g., constraints on motion), 
limits on specifying (e.g., constraints relative 
to feedback with respect to progress toward 
some target), and limits on satisfying [e.g., 
goals or targets and criteria that might be 
minimized (time) or maximized (learning 
about the space) relative to the means for 
achieving those goals]. 

Perhaps, one of the obstacles that has 
made the problem of meaning so difficult 
for cognitive science is that the coordinate 
system that was inherited from Newton – 
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fixed, absolute space and time coordinates – 
was accepted uncritically as the map for the 
ecology.  

A key insight that led to Einstein’s 
alternative to Newton’s physics was a change 
in the coordinate system – the realization that 
space and time were not absolute, that they 
varied as a function of motion of the observer. 
The implication of this is that an important 

step toward a science of what matters is to 
find the right coordinate systems for mapping 
the functional ecology. That is, to find 
coordinate systems that make the patterns 
associated with meaning most salient. As the 
quote from Gibson illustrates, we are not the 
first to suggest that cognitive science needs to 
explore alternatives to Newton and Euclid’s 
coordinate systems. 

Finding the Right Alphabet for a Science of What Matters

This is an alternative way to frame the 
central question of and motivation for this 
book. What is the right state space or alphabet for 
applied cognitive science?  This is the question 
that justifies the excursions into metaphysics 
in the early chapters of the book. Choice 
of the alphabet is where the science starts. 
The alphabet sets the coordinates of our 
state spaces. It provides the set from which 
independent and dependent variables in our 
experiments are chosen. It provides the basis 

from which models and explanations are 
constructed.  

A fundamental motivation for this 
book is a sense that the field of applied 
cognitive science has not yet settled on 
the right alphabet or alphabets; or at least 
that the conventional alphabets are not 
adequate, particularly when it comes to 
generalizing from cognitive science to 
design applications. Is there an alternative 
alphabet that would help us to better appreciate 
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what matters with respect to the dynamics of 
human experience?

The first four chapters (1 – 4) of this book 
suggest that the alphabets should be chosen 
to reflect the functional couplings between 
the agent and the ecology. We suggest three 
dimensions of this coupling that we believe 
are critical to the functional ontology: 
affording, satisfying, and specifying. 

Affording refers to constraints that limit 
what actions are possible (e.g., physical laws 
of motion). Satisfying refers to the value 
constraints that reflect what aspects of the 
ecology are desirable or undesirable (e.g., 
nutrition versus poison). Specifying refers to 
constraints associated with feedback relative 
to choosing actions that lead to satisfying 
consequences (e.g., optical invariants). 

We don’t expect that there is a single 
alphabet that can span all the constraints 
associated with these dimensions in all 
ecologies. In other words, we are not betting 
on any single alphabet to be privileged with 
respect to the dynamics of cognitive systems. 
We believe that a pluralistic epistemology 
is necessary. This means that multiple 
perspectives (i.e., multiple alphabets) may be 
necessary to span the issues associated with 
what matters. 

The next five chapters focused on 
the kinds of explanations that we believe 
will be most relevant to understanding the 
dynamics of cognitive systems. We argue 
that the classical causal explanations  (i.e., 
the billiard ball model) are not adequate for 
explaining the behavior of cognitive systems. 
Rather, we argue that cognitive systems are 
inherently circular. 

For example, the termite nest building 
metaphor from Kugler and Turvey is 
used in Chapter 6 to illustrate how such a 
circular coupling might work. This coupling 

involves a dynamic in which the termites 
are shaping the ecological landscape (e.g., 
as a result of their deposits) and at the 
same time that ecological landscape (e.g., 
the pheromone distribution) is shaping the 
termites behavior. This type of coupling 
illustrates the dynamics of self-organization 
in which the structure is not caused by factors 
that can be isolated in either the termites 
or in the ecology. However, behavior is 
constrained by properties of the functional 
coupling. 

Chapter 5 considers the circular 
coupling relative to logic and suggests that 
the pragmatic logic of Peirce’s abduction 
provides a more promising model for 
human rationality than the models 
associated with classical logic (induction and 
deduction). Abduction grounds rationality 
in the pragmatics associated with trial and 
error learning. With abduction a belief is 
evaluated relative to the consequences of 
acting on it. Beliefs that lead to satisfying 
outcomes are strengthened and beliefs 
that lead to unsatisfying outcomes are 
weakened. 

Chapters 7 and 8 examine the circular 
coupling from the perspective of control 
theory. Chapter 7 explores the dynamics 
of control and considers the constraints 
associated with stability. Chapter 8 explores 
the dynamics of observation and considers 
the constraints associated with estimation. 

Control theory provides an important 
context for considering the limits of stability 
for closed-loop systems. In particular, the 
adaptive control problem considers how the 
stability limitations can be negotiated in real 
time so that an agent can maintain stability 
in the context of changing ecologies. 

Chapter 9 uses the term muddling 
through to make the case that the dynamics 
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of control systems are not only relevant to 
perceptual-motor skill (e.g., landing aircraft 
or driving), but these dynamics reflect a very 
general aspect of cognitive decision-making 
and problem solving. 

 Chapter 10 uses alternative approaches 
to heuristics relative to decision making 
to emphasize the distinctions between 
a classical view in which heuristics are 
considered to reflect weaknesses of human 
rationality relative to more formal logical 
and/or mathematical prescriptions for 
reasoning, and an alternative view in which 
heuristics are considered to reflect the 
strength of human rationality in terms of 
its ability to leverage ecological constraints 
to skillfully achieve satisfying outcomes in 
complex environments. 

Note that in the classical view, 
heuristics are biases that cause errors in 
human decision making. However, in the 
alternative ecological rationality perspective, 
heuristics reflect sensitivity of humans to 
situated constraints in specific ecologies. 
From this perspective, utilizing the situated 
constraints provides a means to success, 
often in contexts where the assumptions 
underlying more formal analytic approaches 
are not met. 

Chapter 11 connects the dots between 
the constraints that support heuristic 
decision making and the deep structure that 
has been long associated with productive 
thinking and problem solving. The 
construct of deep structure is simply seen as 
a reference to constraints that are intrinsic to 
specific problems or ecologies. Rasmussen’s 
Abstraction Hierarchy suggests that the 
deep structure of many problems can 
involve multiple layers of means-ends 
relations. 

The Abstraction Hierarchy further suggests 
that different alphabets might be preferred 
for describing different layers in the means-
end hierarchy. However, the layers are 
not completely independent, so it also 
becomes necessary to choose alphabets that 
enable linking constraints at one layer with 
constraints at other layers. 

In Chapter 12 we emphasize one 
particular layer in the Abstraction Hierarchy, 
that is the layer associated with value or 
quality of outcomes. This layer reflects the 
constraints associated with the dynamic 
of satisfying. The fundamental issue here 
is goodness.  What is the cognitive system 
attracted to? What repels it? 

While we don’t want to go so far 
as arguing that this level of constraint is 
privileged, we do believe it is clear that the 
importance of constraints on satisfying have 
long been under-appreciated. Due to the 
emphasis of classical logic on the form of 
arguments, cognitive science has emphasized 
quality of process over the pragmatics of 
quality outcomes. With the emphasis on 
process, classical cognitive science has lots to 
say about how to make proper decisions, but 
has little to offer about why cognitive systems 
might prefer one option to another. And 
more generally, classical science has been 
framed in a way that consciously excludes 
value as a dimension of interest. 

In sum, a central goal for this book is 
to advocate for a field theoretic orientation 
to the dynamics of cognitive systems that 
focuses on identifying constraints, rather than 
causes. Further, we believe that a first step 
toward a field theoretic orientation is to think 
critically about what type of alphabet will 
allow the best perspective for identifying the 
constraints associated with what matters. 
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Up to now, cognitive science has tended to 
look to the other sciences (e.g., physics and 
biology) for the dimensions of reality. On 
one hand, we totally sympathize with James’ 
desire for a singular science.11 Thus, we feel 
that it is important to approach cognitive 
science from the shoulders of the other 
sciences. On the other hand, we believe it is a 
mistake to uncritically accept the dimensions 
that work best for physics or biology, 
as the best alphabet for gaining insights 
into cognitive systems. We argue that the 
maturity of cognitive science will depend on 
our ability to discover (or invent) alternative 
alphabets that better reflect the dynamics of 
meaning processing. 

Thus, James’ pursuit of a singular science 
is not about reducing human experience to 
physics or biology. Rather, the challenge is to 
elevate physics and biology to better reflect 

the constraints that are functionally relevant 
to the dynamics of experience. 

An important aspect of a new active 
psychophysics will involve replacing the 
Newtonian constructs of absolute space and 
time with the construct of event. Where an 
event is a partitioning of time and space with 
respect to functionally relevant dimensions 
that reflect: satisfying (i.e., goals and values); 
affording (i.e., the constraints on action); and 
specifying (i.e., the constraints on information. 

The key is to parse the problems into 
chunks that preserve functional meaning 
or significance with respect to the triadic 
whole. For example, the braking behavior of 
a driver can only be evaluated relative to the 
dynamics of the vehicle being controlled, 
the information feedback available to the 
driver, and the consequences that are being 
sought.   

Arthur Eddington12
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Chapter 14
Social Dynamics

In Chapter 1 we made reference to the problem 
of measuring the length of a coastline to 
illustrate that the idea of an ‘objective’ length 
may be problematic for natural systems. The 
key issue is that due to the irregularities in 
the coastline, it may be impossible to specify 
the length, independently from the choice 
of a measuring instrument. This is because 
as the measuring instrument becomes more 
precise, more of the irregularities will be 
included in the measure, and thus, the length 
will increase. 

This fractal property is illustrated in 
the Koch Curve shown in Figure 14.1. The 
Koch Curve is constructed by dividing a 
line of unit length into three segments and 
then replacing the middle segment with 
two segments connecting at an angle. The 
result is a line (the generator) that is now 
constructed of four segments, each of which 
is one third the length of the initial line. So, 
the total length of the line is increased, but 
the positions of the ends have not changed. 
The shape created is then used to generate 
additional irregularities by shrinking it and 

replacing each of the four edges with four 
miniature copies of the generator. 

As this process is repeated over and 
over again, more irregularities are added 
and the actual length of the curve grows. 
In principle, this process can be repeated 
an infinite number of times resulting in 
an infinite measure of length for a line of 
apparently finite length (contained in a finite 
area). 

Thus, in reference to the earlier story, 
while it may not be ‘turtles all the way 
down,’ nature may have a fractal structure 
so that it is ‘generators’ all the way down. 
In other words, there may be properties 
of the geometry of the coast that are scale 
independent. The same pattern of irregularity 
will appear at every level of magnification. 

The point for this chapter is to suggest 
that many of the properties that we have 
used to describe the dynamics of individual 
cognition might also be applied at other 
scales. For example, at a smaller scale it 
might be useful to think of subsystems 
within an individual (e.g., nervous system 
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or individual nerves) as systems that must 
adapt to their ecology within the body, in 
many of the same ways that individual 
people adapt to their physical and social 
environments. 

However, rather than going down in 
scale we will go up in scale and suggest that 
most of the properties that we have discussed 
in the context of individuals, can be applied 
at the larger scale  of sociotechnical systems. 

We suggest that the dynamics of common 
sense and the dynamics of organizational 
sensemaking are very similar. An advantage 
of moving to a larger scale is that some of 
the common dynamics may be easier to 
observe and appreciate at the larger scale of 
organizations. Also, we hope that illustrating 
these patterns at multiple scales will help 
to emphasize the invariant properties of 
adaptive, abductive reasoning systems.   

L
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1/3 L

Length = L 
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Figure 14.1 This figure shows the construction of a Koch Curve as an illustration of a fractal geometry. 
The length of the curve increases as irregularities at finer and finer grains are added.

Benoit Mandelbrot1

0 1 2 3 4 5 6 7 8 9 10
0

5

10

15

20

Iteration

Curve Length

Le
ng

th
 (r

el
at

iv
e 

to
 in

iti
al

 li
ne

 le
ng

th
 L

)



281

Organizational Sensemaking
Shotter (1993) likens managing to authoring a conversation and describes the manager’s task 
as “not one of choosing but of generating, of generating a clear and adequate formulation of 
what the problem situation “is,” of creating from a set of incoherent and disorderly events a 
coherent “structure” within which both current actualities and further possibilities can be 
given an intelligible “place” - and of doing all this, not alone, but in continual conversation 
with all the others who are involved....”2

This quote is taken from Karl Weick’s book on 
“Sensemaking in Organizations.”3 Hopefully, 
the parallels between Shotter’s description of 
the managers’ task and the triadic dynamics 
of abduction described throughout this book 
are evident. 

Up to this point, we have largely 
framed the triadic dynamic in terms of the 
experience of individuals. However, in 
this chapter we will explore this dynamic 
at the level of organizational sensemaking as 
illustrated in Figure 14.2. In this context, the 
three components of the semiotic triad are 
considered in relation to a sociotechnical 
system. This allows us to consider the 
rationality behind the policies, decisions, 
and actions of organizations (e.g., families, 
teams, companies, political parties, armies, 
or countries).  

 In fact, we believe that human 
experiences are invariably social, so that the 
triadic dynamic is almost always situated 
in a larger social or organizational context. 
This context can be explicit (e.g., family 
or organizational decision making) or it 
can be implicit in the sense that family, 
organizations, and culture can be a primary 
source for the value systems that shape the 
experiences of individuals. 

We believe that social cooperation has 
played a central role in the evolutionary 
development of humans. For example, the 

“permission schema” has been hypothesized 
to explain the disparate results found 
for isomorphic variations of the Wason 
task described in Chapter 5. Thus, it has 
long been an important dimension of the 
abduction dynamic. However, awareness 
of the importance of social/organizational 
dynamics to problem solving has been 
heightened by recent impacts of technology 
on the nature of collaborations. 

The evolution of communication 
technologies  has had dramatic effects on 
the field of possibilities with respect to 
coordinating human actions over space 
and time (e.g., the telegraph, the telephone, 
the internet, and the smart phone). This 
is perhaps most evident in the context of 
military operations, where coordination 
across space and time are essential to 
victory. The impact of recent innovations in 
information processing and communications 
on military operations has been described as 
a ‘revolution in military affairs.’ For example, 
Arquilla and Ronfeldt write that:

The most basic theme is that conflicts will 
increasingly depend on and revolve around, 
information and communications - “cyber” 
matters - broadly defined to include the 
related technological, organizational, and 
ideational structures of a society. Indeed, 
information-age modes of conflict (and 
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crime) will be largely about “knowledge” 
- about who knows what, when, where, 
and why, and about how secure a society, 
military, or other actor feels about its 
knowledge of itself and its adversaries.4

An advantage of taking the sociotechnical 
perspective, is that it can be easier to 
observe how the constraints on control and 
observation impact (and are impacted by) 
the patterns of communication among the 
elemental components inside the system. 
That is, at the organizational scale, we can 
observe how the component individuals 
coordinate their actions in order to adaptively 
solve ill-structured problems and to pursue 
common goals. Also, at the sociotechnical 
system level the time scale for events will be 
longer so that some patterns over time may 
be easier to follow.  Of course, there will be 
some aspects of the organizational dynamic 
that might be more difficult to observe 

because they are distributed too widely and 
the changes happen too slowly. 

Using Fractal Geometry as an analogy, 
we suggest that the triadic semiotic dynamic 
illustrated in Figure 14.2 and used throughout 
this book is a ‘generator’ for adaptive, 
cognitive systems. Thus, in cognitive systems 
this semiotic dynamic operates at multiple 
scales. For example, the economic system of 
a country can be viewed as a triadic semiotic 
system that must adapt to the international 
economic ecology. Industries within that 
country’s economic system can be viewed 
as triadic semiotic systems that must adapt 
to the economic constraints of that country. 
Subunits and individuals can all be viewed 
as triadic semiotic systems adapting to the 
constraints of a specific industry. Again, it’s 
‘turtles’ all the way down. 

Figure 14.3 provides an image for 
thinking about how individual triadic units 
might interact within a larger sensemaking 

Performatory / Exploratory
Actions

Error /
Surprise

Consequence Intention /
Hypotheses

Work
Domain

Communication
Media

Organization’s
Goals
Values
Beliefs

Figure 14.2 This figure illustrates the triadic semiotic dynamic of abduction as it relates to Organizational 
Sensemaking at the scale of a Sociotechnical System. This suggests that the principles of 
control and observation discussed in previous chapters can be applied at the organizational 
level. 
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organization. You should not think of these 
images as representing any specific type of 
existing organization. In fact, these images 
trivialize the complexity of natural systems. 
However, we hope that these images can 
help us to visualize the types of possible 
interactions, where actual interactions will 
typically involve some combination of these 
three basic types of interaction.

The three types of interaction shown in 
Figure 14.3 correspond roughly with three 
types of interdependence and coordination 
within organizations that Thompson5 
described: pooled (standardization), sequential 
(planning), and reciprocal (mutual adjustment). 

Pooled interdependence refers to 
situations where each of the components 
within the organization operates with 
a high degree of autonomy, but the 
products must be combined to satisfy 
the organization’s objectives. As shown 
in Figure 14.3, the components share a 

common goal, but there is little overlap in 
terms of a shared communication medium 
or a common work space. Since, there is 
little active communication or interaction 
in the workspace, coordination is typically 
achieved through standardization. 

For example, in the early days of 
scientific management, assembly work was 
decomposed into relatively independent 
component jobs with an explicit goal to 
minimize interactions between workers. In 
this system, the work and medium (e.g., tools 
and representations) could be optimized 
for each individual, independently from 
the work of other individuals. Coordination 
was accomplished by having the products 
of each individual worker comply with pre-
determined standards to ensure that the 
pieces produced would ‘fit’ together in the 
final assembly. 

Assembly lines often included buffers 
of products from each worker, so that 

Work
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Beliefs
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Pooled
(Standardization)
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(Planning)

Reciprocal
(Mutual Adjustment)

Types of Interdependence and Coordination

Figure 14.3 This figure illustrates three dimensions of interdependence and coordination within 
organizations.
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interruptions in the rate of production of 
one worker would not impact the rate of 
another worker. That is, one worker would 
not have to wait for another worker to finish 
something, before he could start. This way 
the assembly line would flow at a constant 
rate, independent of any local disturbances 
at an individual work station.

An advocate for the scientific 
management approach was heard to argue that 
there was no need for the workers to know what 
other workers were doing. In fact, he argued 
it was best if the workers could focus all their 
attention on doing   their own job (i.e., meeting 
the standards that he had pre-determined) and 
not worry about or be distracted by what the 
other workers were doing.  

Sequential interdependence refers to 
situations where there are precedence relations 
among the components in the organization 
such that processes of one component depend 
on satisfactory completion of processes by 
another component. For example, there may be 
precedence relations such that one component 
can’t start until another component finishes; 
or there may be shared resources that can only 
be used by one component at a time. In this 
case, not only do the shared functional goals 
require cooperation, but cooperation is also 
required in order to achieve local sub-goals.  
This type of interdependence requires some 
type of shared representation (e.g., a plan or 
schedule) to facilitate coordination. 

With sequential interdependence, the 
function of the plan or schedule is to get the 
right people (or product) to the right place, at 
the right time. In very stable environments, 
the plan or schedule can be standardized 
ahead of time. However, in dynamic 
environments, disruptions are inevitable. 
Thus, the plans must be continually revised 
and updated in order to coordinate activities. 

Figure 14.3 suggests that the ‘plan’ and/or 
the ‘re-planning’ process requires a shared 
medium (e.g., a published schedule or a 
shared calendar) that allows people to ‘see’ 
what others are supposed to be doing and to 
‘tell’ others whether they are on track and on 
schedule or not.

An example of the use of a shared 
representation to support planning, re-
planning, and coordination is the ‘status 
board’ or ‘white board’ that historically were 
used in  Hospital Emergency Departments 
(ED). These were typically large format, dry 
erase boards that were posted in an easily 
accessible location. The boards generally had 
a grid-like organization where rows might 
represent treatment or patient locations in 
the ED, and columns represent aspects of the 
treatment process. Wears et al. write:

Each column is contextually important to 
the group maintaining the status board. 
For example, such dimensions might 
include the patients’ principal problem(s), 
identifiers for the staff assigned to the 
patient (nurses, physicians), time of arrival 
or length of stay information, pending 
clinical activities (such as consultations 
or procedures), alerts and warnings (such 
as isolation, or name similarities). This 
information is typically densely encoded 
onto the status board in idiosyncratic 
but locally meaningful ways, and is 
continuously updated by the group during 
the course of their work.6

Wears et al. give specific examples of how 
the white board was used to facilitate 
coordination and efficiency in the ED. One 
instance involved the reporting of the results 
from electrocardiograms (ECGs). In the 
past, the results from the ECGs would be 
placed in the patients’ chart. However, “this 
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was inefficient for physicians, who had to 
repeatedly check the charts to see if ECGs 
were there, and for the ECG technicians, 
who had to search for charts and interrupt 
other workers to access them.”7 Now the 
ECG results are placed on the white board 
using a magnetic holder. Since the results 
were directly visible, the need for either the 
physician or the technicians to search for the 
charts was eliminated. An additional benefit 
was that “ECGs would be examined more 
quickly, since workers at the board for other 
reasons would quickly scan the ECGs placed 
there, even if they were not on their own 
patients, to be sure that major abnormalities 
were quickly noted.” 

In another study, Perry and Wears 
observed the consequences of attempts 
to replace the large physical boards with 
computerized status boards in two EDs. 
In one case, the staff refused to give 
up the physical white boards and the 
electronic status board was implemented 
in parallel. In the other case, the physical 
boards were replaced by the computerized 
boards. However, it was observed that the 
workers had to compensate for the loss of 
functionality and usability problems with the 
electronic system with paper notes and other 
work arounds. One worker commented that  
s/he felt “half as efficient” with the computer 
system. 

This illustrates how important 
a representational medium can be for 
supporting cooperative work. Perry and 
Wears observations indicate that “important 
functions of the status board - coordinating 
and providing a single overview of unit 
status - were degraded in the computerized 
board ...”8

In describing the use of ‘white boards’ 
in a surgical trauma unit Xiao et al. noted that 

a key asset of the white boards is the flexibility 
to re-plan in response to unexpected events 
(e.g., an unscheduled emergency or a loss 
of equipment functionality in a scheduled 
operating room).9 Xiao noted that this 
served both asynchronous and synchronous 
interactions among the staff to coordinate 
their work.

Typically, the construct of plan suggest 
asynchronous interactions. That is, the plan 
is created at one time for use at a later time. 
Also, in many cases the people making 
the plan are not the same people who will 
be carrying out the plan. For example, in 
military systems the plan may be generated 
by one set of officers in a remote central 
command center, but it may be executed by 
other field officers at the site of the battle. 
The white boards in medical settings served 
this type of planning in the sense that new 
shifts coming on will often start by observing 
the white board in order to see what is going 
on and what is planned for their shift. 

However, Xiao et al. also observed the 
board being used to support synchronous 
re-planning in which people would huddle 
around the white board and manipulate the 
magnetic markers in order to cooperatively 
solve scheduling problems. For example, 
in one case it was necessary to open an 
additional operating room to accommodate 
a large case load. Because this required both 
a room and resources (e.g., anesthesia) the 
charge nurse and the charge anesthesiologist 
jointly viewed the board to explore the 
various options together. 

The example of synchronous re-
planning leads naturally to the third type 
of coordination reciprocal interactions where 
the processes and functions of particular 
components must adapt in more or less 
real time based on how other components 
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behave. In this case, there are not only 
sequential dependencies, but there are also 
process dependencies such that the processes 
within a component may need to change 
depending on actions of other components.

An example of a situation that 
depends heavily on reciprocal interactions is 
improvised musical performance.  In this case, 
there is no predetermined plan or musical 
score. Rather, the music is created through the 
real time interactions among the participants 
(including musician and audience). Borgo 
describes improvisation as ‘form-making’ 
music, to emphasize that the form emerges 
from the real time interactions.10 

The earlier example of the termites’ nest 
building (Chapter 6) is also a good example of 
reciprocal interactions. In that example there 
is no plan to coordinate the actions. Rather, 
the coordination emerges as a result of 
continuous interactions between the moving 
insects and the flowing pheromone field. In 
that example, the actions of  each insect are 
shaped in real time by the consequences of 
the actions of the other insects. 

Thus, the three types of 
interdependence described by Thompson 

reflect the triadic partitioning of the semiotic 
dynamic. People in organizations interact 
through the common problem ecology 
(reciprocal interactions/mutual adjustment), 
such that co-workers are a part of the work 
ecology of an individual worker. Actions of 
co-workers change the field of possibilities 
or the affordances that are available to a 
worker. The interactions can expand the field 
of possibilities to the extent that the joint 
capabilities allow the team to accomplish 
things that cannot be achieved by an 
individual. The interactions can also restrict 
the field of possibilities in that limited 
resources used by one member of the team, 
may not be available to other team members. 

People in organizations also interact 
through  shared interfaces/media/
representations. Plans and schedules are 
examples of the kinds of representations that 
are used to coordinate team actions. When 
these representations are flexible enough to 
be modified in real time to reflect evolving 
contingencies (as with the white board in 
the ED), then they can facilitate mutual 
adjustments through reciprocal interactions 
mediated by the representations. In essence, 

David Borgo11
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this allows for continuous re-planning or re-
scheduling to address evolving threats and 
opportunities.  

People in organizations also interact 
in terms of shared values, beliefs, and 
expectations. Thompson’s ‘standardization’ 
is particularly relevant to expectations. 
This is typically addressed in professional 
training in terms of standards of practice. 
These professional standards constrain 
performance in ways that allow workers to 
behave in ways that are predictable to their 
colleagues. 

Within most organizations, all three 
type of interaction illustrated in Figure 14.3 
will be simultaneously and continuously 
shaping the coordination among the 
individuals in the organization. However, 
from a design perspective, classical 
scientific management approaches tended to 
emphasize standardization and planning/
scheduling as the primary interventions for 
achieving coordination.  In other words, the 
design goal was to minimize the reciprocal 
interactions and the need for mutual 

adjustment. However, the consequence of 
this emphasis is that the organizations are 
ill-equipped to manage change and/or to 
innovate.

Today, emphasis is shifting to 
supporting mutual adjustment, with the 
goal of enhancing organizational flexibility 
and resilience. That is, by increasing 
the capability of companies to take full 
advantage of the capabilities of a diverse 
work force in order to creatively respond 
to emerging opportunities and threats. In 
some respect, the example of the medical 
emergency department is becoming more 
typical of the type of ecologies that all 
organizations face. These systems can’t 
count on the ‘routine’ or dictate the market. 
They have to be prepared for the unexpected. 
For example, in industry this reflects the 
accelerating demands of markets that are 
attempting to address diverse and changing 
customer preferences and demands. In 
ecologies with rapidly changing constraints, 
yesterday’s standards and plans can quickly 
become obsolete. 

Organizational Structure

Before we give further consideration to the 
semiotic or control dynamics of organizations, 
it may be useful to distinguish three aspects 
of structure within organizations: the control 
structure, the communication structure, and the 
authority structure. 

The control structure refers to the 
functional relations between means (action) 
and ends (goals). It can be useful to describe 
this independently from the people who 

might specify the ends or who might carry 
out the actions. It will typically be useful 
to describe the control structure in terms 
of a hierarchical nesting, where outer loops 
specify the ultimate purposes or global 
values associated with the organization’s 
primary function (e.g., to generate profit 
for share holders, to provide safe and 
affordable energy, to provide safe and 
efficient transportation over long distances). 
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In a sense this outer loop would reflect the 
most general or most dominant missions of 
the organization.  This outer loop then would 
provide constraints (including targets/goals, 
regulations, resources, information) on inner 
loops within the organizations. 

This type of hierarchical nesting was 
illustrated in Chapter 9 (Figure 9.3) in the 
context of tennis.  Most organizations can be 
visualized in the same way. For example, in 
an air transportation system the outer loop 
might represent public policy that sets up 
the regulations on the industry. Inner loops 
might reflect regional airspaces and nested 
within this might be air traffic control sectors, 
with the pilots as one of the innermost 
loops in this functional organization. In this 
structure, inner loops typically reflect the 
means for satisfying ends that are specified 
by outer loops.

In many respects the control structure is 
not a property of the organization per se, but 
rather the control structure is a property of 
the function or problem that the organization 
must solve, or rather it describes the 
structure of a work domain. Two properties 
of the organization, communication 
structure and authority structure, will have  
important implications for the success of an 
organization in managing the problems of a 
specific work domain. 

The communication structure reflects 
constraints on who people can ‘talk-to’, ‘see,’ 
or ‘pass information to.’ The communication 
structure would typically be visualized as a 
network where the nodes would represent 
components in the organization (e.g., people 
or work units) and a link would represent a 
communication channel.

The communication structure can vary 
from being webs that are rich in connections 
(i.e., every component can communicate with 

any other component within the organization) 
or chains where the connections are very 
sparse. Historically, physical distance has 
been a major factor that limited the potential 
richness of communication networks. It 
simply was not possible for people who were 
separated by large distances to communicate 
directly. For example, it was difficult for 
military commanders to ‘see’ what all the 
units under their command were doing when 
the battle was spread over large areas. Or it 
was difficult for a CEO of a multinational 
company to directly observe the activities at 
all the operational units distributed around 
the globe. 

With today’s technologies (e.g., the 
internet, cell phones and other mobile 
communication devices, etc.) distance is 
less of a constraint on communications. 
Cairncross12 has referred to the capacity for 
high speed communication networks to link 
people in remote locations as the “death of 
distance,” suggesting that distance is no 
longer a constraint on coordination within 
organizations. 

In addition to the delays associated 
with communication chains or distance, the 
volume of communications can be another 
important factor. In a large organization 
a fully connected communication web 
may overwhelm people with too much 
information, much of which may have no 
local functional value (i.e., it is essentially 
noise). Thus, in some cases, by constraining 
who can talk to who within an organization it 
may be possible to enhance the effectiveness 
of communications so that people are able to 
pick up the important signals more quickly 
and reliably. 

For example, Klinger and Klein13 did 
an investigation of an Emergency Response  
Organization (ERO) within a Nuclear Power 
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Plant. This team had been under scrutiny 
by the NRC for some weaknesses in the 
team work. One of the key findings of the 
investigation was poor communication. 
People did not know who the key decision 
makers were and they did not have a good 
sense of who needed what information. As 
a result there were unnecessary delays as 
information wormed its way through the 
system and there was unnecessary noise as 
people would ‘spam’ information across the 
team, rather than communicate directly with 
the appropriate people. Surprisingly team 
performance was dramatically improved 
as a result of a recommendation to reduce 
the team size. At least one factor explaining 
this was the reduction in noise within the 
communication network. 

Another factor in the improvements of 
the ERO was clarifying the lines of authority 
(i.e., identifying the key decision makers). In 
another instance, we observed a discussion 
during a regional emergency operations 
exercise in a midwestern city. One of the 
people in the emergency command center 
complained because the firemen and the 
police were on different radio frequency 
bands and thus could not talk to each other 
directly. Overhearing the complaint, the 
police commander observed that this was 
by design to preserve the lines of authority. 
That is, to avoid a situation where police or 
fire personnel were getting contradictory 
orders from different sources. The police 
commander thought the restrictions on 
communications were good because they 
helped to preserve unity of command.

This brings us naturally to the third 
aspect of organizational structure - the 
authority structure. This reflects who (what 
people or units) set the goals and constraints 
for others within the organization and who 

has the power to initiate action. It is this 
type of structure that is being referred to 
when people contrast hierarchical and flat 
organizations. To avoid confusion with the 
hierarchical control structure, however, we 
will frame the contrast between centralized 
authority versus distributed authority. 

These contrasting authority structures 
can be seen in economic systems where 
socialist systems tend to adopt highly 
centralized authority structures. In these 
systems a governmental committee might 
dictate many of the economic decisions (e.g., 
what crops farmers can plant). In contrast, 
capitalist systems are characterized by 
distributed authority structures that allow 
individuals to make their own economic 
decisions (e.g., farmers decide for themselves 
what crops to plant). The economist F.A. 
Hayek was very interested in the implications 
of these contrasting authority structures for 
the stability of economic systems. 

There are many possible variations 
between the extremes of a highly centralized  
and a highly distributed authority structure. 
Two intermediate examples are heterarchical 
authority structures and federalist authority 
structures. In a heterarchical structure, 
authority shifts from one unit in the 
organization to another as a function of 
changing circumstances (most notably 
access to information). For example, it has 
been observed that in dynamic, high-risk 
environments like landing operations on an 
aircraft carrier, authority might be shifted 
so that access to information temporarily 
trumps military rank in determining who 
has the authority to wave off an approaching 
aircraft.  In such circumstances, it may 
take too long to go up the formal chain of 
command to get a decision in time to avert a 
potential disaster.14
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Another variation on authority structure is 
Federalism.15 A Federalist system is often 
described as a ‘system of systems.’ It is a 
collection of organizations, each with its own 
authority structure that might work together 
to achieve a common objective or to solve a 
common problem. The police commander’s 
explanation of why it might be good for 
police and fire to each have their own 
communication frequencies, suggests that he 
prefers a federalist authority structure. 

In the federalist system, a joint operations 
center (emergency operations center or 
EOC) might mediate communications across 
multiple organizations (e.g., police, fire, 
hospitals). Each organization has its own 
specialized function and its own authority 
structure. However, the organizations join 
together to solve a common problem (a 
regional disaster). In this system, the authority 
is distributed across the loosely coupled 
subsystems, but may be highly centralized 
within some of the sub-systems. 

The distinction between these three 
aspects of organizational structure can be 
very important for gaining insight into the 
triadic semiotic dynamics of organizations. 
The control structure reflects the functional 
problem or the control/observer demands 
on an organization. The communications 
structure reflects a major constraint on an 
organization’s ability to address the problems 
associated with observation and the authority 
structure reflects a major constraint on an 
organization’s ability to address the demands 
on control.  A central question in terms of the 
semiotic dynamics is how the communication 
and authority structures interact to determine 
the adaptive capacity, resilience, or stability of 
the organization. 

Note that the distinction between the 
communication and the authority structure 

is not always made explicit. People will 
often talk about one or the other as THE 
structure of the organization. However, 
it is important that these are regarded 
as potentially (if not always practically) 
independent dimensions.

Gene Rochlin acknowledges the 
independence of these two types of structure 
in his book Trapped in the Net.16 The book 
discusses alternative visions for authority 
structures as a function of information 
technologies that allow rich communication 
networks between components of an 
organization. One vision reflects a centralized 
authority structure, where the CEO or 
Commander can sit at the nerve center of 
the communication network where he can 
directly interact with every element of the 
organization allowing him to micro-manage 
every decision. The contrasting vision is 
of a distributed authority structure or flat 
organization where each individual has 
access to the information resources that they 
need to act independently in response to their 
local preferences and circumstances, while 
coordinating with the larger organization.  
The point is that the ‘network’ communication 
capabilities of advanced informations 
systems like the world wide web can be 
used to implement either a centralized or a 
distributed authority structure.

That brings us to the issue of stability in 
organizations. In the next section, the reasons 
why either extreme centralization or extreme 
distribution of authority may be undesirable 
in terms of system stability will be explored. 
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Stability in an Organizational Context

In examining the dynamics of observation 
and control and the implications for stability 
within organizations four facets of the problem 
are particularly relevant to the triadic semiotic 
dynamic: the degrees of freedom problem, the 
time delay problem, the problem of essential 
friction, and the value of diversity.

The degrees of freedom problem

The degrees of freedom  is related to the 
flexibility within a process. On the positive 
side, many degrees of freedom mean that the 
same goal or end can be achieved in many 
different ways. On the negative side, many 
degrees of freedom increase the complexity 
of the observation and control problems, in 
terms of the number of variables that need to 
be attended and manipulated.

For example, the human body has 
many degrees of freedom. This makes it 
possible for a baseball short stop to throw the 

ball to first base in many different ways (i.e., 
from many different postures). For example, 
while running to his right, his left, or forward 
as a consequence of the actions required to 
first catch a grounder. However, Bernstein 
recognized that controlling all these degrees 
of freedom was computationally demanding 
and he hypothesized that it would take too 
long for all the degrees of freedom to be 
observed and integrated into a stable central 
control solution.18

Remember that time is a major factor 
in terms of control stability.  Bernstein was 
skeptical that consistently successful throws 
(i.e., accurate and fast enough to beat the 
runner) could be achieved via a central 
control system that had to continually take 
into account all the degrees of freedom 
simultaneously. Similarly, Hayek was 
skeptical about whether economies could be 
effectively managed via highly centralized 
organizations. 

Friedrich Hayek17
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Bernstein suggested that a distributed style of 
control was necessary in which many of the 
degrees of freedom were locally constrained 
so that they did not have to be directly 
observed and controlled via control loops 
through the central processor. In this system, 
the central control mechanism would specify 
the general intention (e.g., to throw to first 
base), but many of the coordination details 
would be regulated through peripheral 
constraints. 

The peripheral constraints would 
limit how different muscles and joints might 
move together or they might lock out certain 
degrees of freedom all together. In both 
cases, the degrees of freedom or the range of 
possible movements would be constrained 
or reduced. This effectively makes the body 
a much simpler machine that is easier to 
control. 

Now you might ask, “what is the 
advantage of having many degrees of 
freedom, if you’re not going to use them?”

The idea is this. Many degrees of 
freedom allows the body to become many 
different kinds of simple machines. For 
example, it can become different kinds of 
throwing machines - overhand or sidearm. 
It can be a catching machine. Or a hitting 
machine. In the context of golf, it can be a 
driving machine, a chipping machine, or 
a putting machine. Each machine is suited 
to a different type of situation so that the 
few degrees of freedom that are subject to 
central control are ones that are best suited to 
successfully doing the job that the machine 
was designed for. 

For example, in order to drive a golf 
ball a golfer locks the leading elbow and 
the head position and organizes the action 
around large muscle groups in the shoulders 
and trunk in order to generate a large force 

through a constrained arc. In order to chip or 
putt a golf ball, many of the larger muscles 
in the shoulders and trunk are constrained 
and the action is controlled through smaller 
muscles in the arms and wrist. The result 
is that each action (e.g., driving or putting) 
involves a relatively low number of degrees 
of freedom (simplifying the real time control 
problem). But they are degrees of freedom 
that are specially suited to the particular 
demands of specific situations. 

The contrast to the coordinative 
structure or smart mechanism approach 
to managing movement is an engineering 
approach that simplifies control by reducing 
the degrees of freedom to a standard generic 
set of dimensions (e.g., x, y, z planes) 
that are used for all situations. Runeson19 
characterized these as ‘rote’ mechanisms. 
Such an approach results in the stereotypical 
clumsy motions associated with primitive 
robots, as opposed to the more elegant 
motions of biological systems that choose 
different dimensions or constraints for 
different situations. 

One way to think about coordinative 
structures is that they are the complement of  
chunks. Earlier we suggested that a ‘chunk’ 
is an organization of information that 
typically is designed to take advantage of 
natural constraints of a situation. In essence, 
the process of chunking uses constraints 
on situations to reduce the possibilities 
that need to be considered (i.e., reduce the 
information demands). In a similar way, a 
coordinative structure sets up constraints 
on the action side, so that they align with 
the constraints of the situation to reduce 
the demands of the observation and control 
problems. 

As with chunking, coordinative 
structures would be selected based on 
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fitness relative to the functional dynamics 
of a task. For example, in learning to play 
guitar, a beginner may have to consciously 
direct individual fingers. With this type 
of centralized control, however, it is not 
possible to play at a fast tempo. With 
practice, picking patterns are learned. 
Within these patterns, the fingers become 
integrated within a coordinative structure 
so that the behavior of each finger is 
constrained by the behaviors of the other 
fingers. At that point, the central control 
system might be initiating the patterns 
and may be specifying parameters of the 
pattern (e.g., tempo), but the detailed 
movements of individual fingers are now 
subordinate to the global pattern. As 
players become more expert, the chunks 
may become larger (e.g., patterns nested 
within larger patterns).

The hypothesis that many skilled 
motor tasks depend on the development of 
coordinative structures is consistent with 
the Zen, “No mind” philosophy of training. 
With the development of coordinative 
structures, the mind becomes less and less 
involved in managing the details of the 
performance. This hypothesis would also 
explain why performance can sometimes 
deteriorate, when a young musician tries 
to bring the mind back in to micromanage 
performance (e.g., when under pressure to 
perform well for a teacher or audience). A 
positive benefit of coordinate structures is 
that since consciousness is freed from the 
demands of managing the details, it might 
devote its resources to more strategic or 
aesthetic properties of a performance. 

In organizations, the subunits and 
individual people within subunits constitute 
potential degrees of freedom. The challenge 
in a large organization is how to manage 

the huge number of possibilities (i.e., the 
complexity) associated with a large number 
of degrees of freedom. 

Federalism or ‘systems of systems’ 
approaches to large organizations can 
be seen as an analog to coordinative 
structures. In essence, the lower order 
systems (e.g., the police departments, the 
fire departments, and the hospitals) can 
be thought of as coordinative structures in 
relation to the larger coalition or system 
(e.g., the emergency response organization). 
In these systems, a central command center 
(Emergency Operations Center or EOC) 
might set up strategic goals and make 
general requests to the subsystems (e.g., 
to provide security to a particular region, 
or to help to evacuate casualties from a 
particular site). However, the details of 
how to accomplish a particular strategic 
goal or request (e.g., what specific people 
and equipment to send) might be left to the 
subsystems. 

The key issue in managing a large 
number of degrees of freedom is how to 
distribute authority. When there are many 
degrees of freedom, it will typically be 
necessary to distribute or delegate some 
of the authority. This will be necessary 
due to the delays and noise that would 
be associated with communications from 
the sharp end of the organization (e.g., the 
emergency personnel on the ground - the 
first responders) to a centralized command 
center (e.g., the EOC). The delays and noise 
will make it impossible to achieve stable 
control (to keep pace with the demands 
of the situation) via a highly centralized 
authority structure. This leads naturally to a 
second important dimension impacting the 
functional dynamics of organizations - time 
delay.
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Time Delays

As we saw in Chapter 7, time delays 
are an important factor in determining 
the stability of closed-loop systems. As 
time delays increase, the range of feasible 
control gains gets narrower. This results in 
a necessary speed-accuracy trade-off. If the 
gain is too high (i.e., the system responds 
too quickly given the time delays), then the 
system will become unstable. This property 
applies to any closed-loop system, whether 
it is an automatic control system, a pilot, 
a manufacturing company,  or a national 
economy.  

In organizations, two important 
sources of delay will be constraints on 
communications (i.e., transport delays) and 
constraints on information processing (i.e., 
reflecting the complexity of the problem, the 
number of possibilities/degrees of freedom, 
or the signal to noise ratio). As noted above, 
historically, distance has been an important 
constraint on the communication rate, the 

greater the physical distance or the practical 
distance (e.g., the number of links in the 
chain) the longer would be the transport 
delays within the control loop. 

Thus, Hayek’s skepticism about the 
ability of highly centralized organizations to 
manage economies is well founded. Simply 
collecting the information that is distributed 
over a large area will take time and then it 
will take additional time to make sense of 
what the information means (i.e., pulling 
out the signal from the noise). Due to these 
delays, organizations with highly centralized 
organization structures will often be severely 
limited in their ability to respond to rapid 
changes. 

Just as Bernstein understood that the 
delays in the human nervous system were too 
long to allow central control of all the degrees 
of freedom involved in many complex 
motor skills, Hayek hypothesized that the 
complexity of the economic problems would 
limit the potential for highly centralized 
authority structures to respond quickly 
enough to keep up with the pace of changing 

Gene Rochlin in reference to the 1991 Gulf War22
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opportunities and threats with respect to a 
large economy. 
The implication of this is that in designing 
organizations it will be important to 
consider ways to reduce time delays.  With 
shorter time delays, the speed at which 
an organization can respond or adapt to 
changes in the environment will increase. 
Particularly in competitive environments, 
speed may be critical for survival. For 
example, military theorists partially attribute 
the success of the Mongols in the 14th 
Century to their dominance of battlefield 
information. Arquilla and Ronfelt observe 
that the Mongol’s “‘Arrow Riders’ kept field 
commanders, often separated by hundreds 
of miles, in daily communication. Even the 
great Khan, sometimes thousands of miles 
away, was aware of developments in the field 
within days of their occurrence.”20

Today, communications are supported 
by elaborate networks of information 
technologies. For example in a military 
context, Rochlin quotes a Department 
of Defense source that claimed that 
“The services put more electronics 
communications connectivity into the Gulf in 
90 days than we put in Europe in 40 years.”21 
As noted above, distance is no longer an 
obstacle to quick communications. Today, 
commanders on one continent can directly 
communicate through voice and video with 
troops fighting on the other side of the globe. 
Thus, the transport lags are often not the 
limiting factor on stability.  

However, despite the ‘death of 
distance,’ it still takes time to process the 
information. As noted by Rochlin, it can take 
significant time to process and make sense 
of the increasing amounts of data that are 
now available to commanders as the result of 
advanced communications systems.

The other significant factor with regards 
to the lags in the semiotic control loop will 
be the information processing demands. 
The key here will be to reduce the problem 
to a minimally valid set of possibilities (i.e., 
the signals) relative to the functional goals. 
This means to focus attention or filter the 
variability that is inconsequential in relation 
to the functional goals. This will depend on 
how we code, represent, chunk, or parse 
the problem. As discussed in the context of 
representations and chunking, the key is to 
parse the problem to reflect the functional 
constraints. Or in the context of coordinative 
structures, the key is to design simple special 
purposes devices for specific tasks. 

From the organizational perspective, 
an effective way to parse the problem will 
be by distributing authority within the 
organization. In essence, the information 
processing delays can be reduced by 
distributing the decision load across the 
organization. For example, in a military 
context, it is useful to think about the 
distribution of authority between central 
command and field officers. For example, 
a conclusion from the Vietnam War was 
that the US military did not distribute 
authority in a way that would facilitate 
quick responses to changing contingencies 
on the ground. In assessing the impact of 
technology on that war, Rochlin writes, 
“Perhaps most damaging of all, command 
and communications technologies had 
far outstripped other aspects of military 
technology, not only enabling but fostering 
the constant intervention of remote 
commanders into even the smallest details of 
battles on the ground.”

Sage and Cuppan suggest that one 
of the dimensions that is important for 
effective coordination within systems of 
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systems is subsidiarity.23 Subsidiarity means 
that authority for solving problems should 
be distributed to the lowest level in the 
organization consistent with a solution. Or 
conversely, it means that a central authority 
should deal with only those decisions 
that cannot be made effectively at a local 
level. In other words, the role of the central 
authority becomes more supportive and less 
authoritative with respect to subsystems in 
the organization. 

For example, in managing regional 
disasters, Emergency Operation Centers 
(EOC) typically take the role of distributing 
information and resources to the 
cooperating emergency agencies, rather 
than ‘commanding’ those agencies.25 Thus, 
much of the authority remains with each 
of the cooperating agencies, as suggested 
by the comments of the police commander 
discussed earlier. In essence, he is the 
authority with respect to police operations, 
not the EOC. 

In military systems, the need for 
subsidiarity is reflected in the construct 
of ‘command intent.’ This suggests that 
commanders should leave sufficient 

discretion to junior level officers so that the 
system can adapt to changing contingencies 
that could not be anticipated in a fixed 
formal plan. Commanders should specify 
a general ‘intent,’ but they should trust 
local subordinates to work out the details 
of implementing that intent based on local 
contingencies. Thus, one of the failures of 
the Vietnam War may have been a failure 
of the military to achieve the right level of 
subsidiarity.

The key point is that organizations 
can often increase their ability to quickly 
respond to changing situations (i.e., their 
efficiency) by effectively distributing 
authority. The concept of subsidiarity 
suggests that centralized authorities should 
not micromanage. Rather, subsystems should 
have the authority to make local decisions, 
whenever this is feasible. In assessing 
this feasibility, access to information will 
typically be a critical factor. In many cases, 
subsystems (e.g., local farmers, or field 
commanders) will have direct access to much 
of the information that is necessary in order 
to make smart choices (e.g., about what crops 
to plant, or about tactical maneuvers).

Lawrence Shattuck25
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One aspect of the Scientific 
Management approach to work design (i.e., 
Taylorism) was determining the appropriate 
distribution or partitioning of the work. By 
parsing the work into component tasks and 
distributing those tasks among people, who 
were specially trained for each specific task, 
overall efficiency could be increased. 

The risks of subsidarity is that the 
subsystems may sometimes be working 
at cross purposes. Subsidarity does not 
eliminate the need for coordination. 
Coordination within a federation of systems 
depends on shared commitment to a 
common goal (often including a willingness 
to compromise local self interest for the 
good of the global system mission). It also 
requires information coupling between sub-
systems (so that the right hand knows what 
the left hand is doing) and information 
coupling relative to the goals and values of 
the Federation (so that local situations can be 
seen in the context of organizational goals).

Not all the information necessary for 
stable control with respect to organizational 
goals may be available locally. Sometimes, 
access to valuable information requires 

integration over time and space. In other 
words, local subsystems may lose sight 
of the ‘big picture’ necessary for them 
to adequately cooperate or contribute 
toward the larger functional goals of the 
organization. Without the ‘big picture’ it is 
likely that in the process of satisfying local 
problem constraints, subsystems may end 
up working at cross-purposes with respect to 
the overall organizational goals. 

For example, without a shared 
global vision of quality, a well partitioned 
manufacturing system may produce poor 
quality or defective cars very efficiently. 
Or in the context of military operations, 
without ‘common ground’ or ‘top site,’ 
the subunits will not be able to achieve the 
level of coordination required to achieve 
global objectives. This introduces the issue of 
essential friction. 

Essential Friction

Consider the second-order (inertial) 
system that we discussed in Chapter 8 
(Figures 8.1 and 8.2). If you remember, 
the system in Figure 8.1 was a closed-loop 
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system, but there was no convergence to a 
steady state goal in response to a step input 
- the output was an oscillation. However, 
stable convergence could be  achieved when 
velocity feedback was added, Figure 8.2. 
This circuit is analogous to a spring, and 
the velocity feedback represents friction or 
damping. An important implication of that 
example is that friction is essential to stability 
of inertial systems.

The generalization to organizational 
sensemaking can be quite straight forward. 
The inertial process in the model system (two 
integrations) introduces phase lags. Similarly, 
the integration of information in order to 
assess the state with respect to organizational 
goals will generally take time (create lags). 
The model system in Figure 8.2 requires 
feedback of two variables that need to be 
considered in determining an appropriate 
control action. Organizational problems 
typically involve many state  variables that 
need to be ‘integrated’ in order to assess the 
‘big picture’ with respect to organizational 
goals. 

Gene Rochlin has hypothesized that 
just as friction is necessary for stability in 
physical or mechanical inertial systems, 
social friction may be necessary for stability 
in organizations.27 He contrasts this 
hypothesis with conventional approaches to 
work design (e.g., Taylorism) that typically 
focus exclusively on efficiency. In these 
conventional approaches, friction is typically 
seen as wasted energy to be eliminated. 

Rochlin argues that in a complex 
system, where errors (e.g., wrong hypotheses) 
are inevitable, friction can help to damp 
out the impact of an error before it has 
significant consequences with respect to the 
organizational goals. This can be particularly 
important for a ‘muddling through process.’ 

where errors are a necessary part of the 
learning process. Social friction has the 
potential to catch errors or poor decisions 
and to damp them out before they propagate 
to the point of catastrophe. 

Rochlin concludes that:

For most of this century what has been 
at stake in the search for organizational 
efficiency and administrative control is 
command -- who has the power to say 
‘yes’ and to what, who has the power and 
authority to rule. What must be recognized 
in the modern era is that it is at least as 
important to consider who retains the power 
to negate, to dissipate and to terminate. 
Friction is essential in organizations 
because it provides space for the exercise 
of the ultimate human responsibility -- the 
power to say ‘no,’ and to enforce it.

Taiichi Ohno has made a similar point 
with the contrast between automation and 
autonomation.28 He used the example of a 
loom. An automated loom runs as long as 
the motor is running. If a thread breaks, 
the automated loom will continue to run, 
producing defective cloth. However, an 
autonomous loom has sensors to detect when 
the thread breaks. The autonomous loom will 
stop when the thread breaks.

Thus, the automation/autonomation 
distinction recognizes the difference between 
useless or counterproductive motion 
(e.g., generating defective products) and 
productive motion or work. In generalizing 
to human organizations, the autonomation 
concept suggests a potential value of adding 
social friction to an assembly line, so that any 
worker has the authority to shut down the 
process, if they discover a potential defect. 
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This contrasts with the Scientific 
Management approach, where the assembly 
workers were typically isolated with 
regards to both the information necessary to 
appreciate the ‘big picture‘ and any authority 
beyond the limits of their elemental tasks.  
In conventional Ford style assembly lines, 
workers may not have had the information 
to detect potential design problems, and 
even if they were to detect them, they 
would not typically have the authority 
to stop production - only management 
had the authority to shut down the line. 
The emphasis was on continuous motion 
(keeping the assembly line moving), rather 
than on the quality of the product. 

Based on observations of high risk 
operations (e.g., aircraft carrier landings), 
Rochlin hypothesized that distributing the 
responsibility to detect threats to system 
safety AND the authority to act in response to 
those threats (e.g., issue a command to abort 
a landing) broadly (e.g., without respect to 
rank) may be essential for high reliability. 

The estimation problem discussed 
in Chapter 8 (Figure 8.6) is also relevant to 
the issue of essential friction. Remember 
that the observer gain can be thought of as 
determining the speed of response to the 

difference (error or surprise) between the 
current observation and the expectation 
based on all previous samples.  In the context 
of organizational friction, it might be thought 
of as the relative weights given to the current 
momentary impulse and to the long term 
plan (which reflects the integration of all past 
observations). A high gain is an organization 
that acts quickly on the current impulse. This 
is analogous to a system with low friction.  
An observer with high gain (low friction) 
will be quick to take advantage of new 
opportunities.  However, it will also tend to 
follow the noise down blind alleys. 

Thus, an organization with low friction 
will be able to act quickly to implement good 
hypotheses, but it will also act quickly to 
implement poor hypotheses. A high gain/
low friction system will have a high hit rate 
with regards to acting on good hypotheses, 
but the price for this will be a high false alarm 
rate where the system acts quickly on bad 
hypotheses. 

An observer with low gain is one that 
gives heavier weight to the conventional 
wisdom based on the learning history of the 
system. This is analogous to having high 
friction. This system will be sluggish (or 
conservative) in responding to emerging 

Taiichi Ohno29
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new opportunities, but will have a low false 
alarm rate. That is, bad ideas will rarely 
get through. Of course the price that this 
organization will pay is a high miss rate - 
some good hypotheses will be rejected and 
opportunities will be missed. 

As with the ideal observer problem, 
determination of the right gain or the right 
amount of friction depends on the payoff 
matrix - the costs and benefits associated 
with the various outcomes (hits, false alarms, 
misses and correct rejections).  As has been 
emphasized throughout the book - Context 
Matters!

In a high risk environment, like 
managing a nuclear power plant or landing 
on an aircraft carrier, there can be high costs 
associated with going too far down a wrong 
path. In these ecologies a high amount of 
social friction is essential to safety.  If anyone 
in the organization senses a problem they 
should have the authority to say “No!” (i.e., 
shut the plant down, or abort the landing 
and order a fly around).

However, in other contexts such as the 
high technology business - the costs of a false 
alarm may be relatively modest compared to 
the payoffs associated with being the creator 
of the next hot technology product (e.g., the 
ipod or the iphone). In this context, some 
friction will be warranted, but it will be 
important to keep friction low in order to be 
competitive in a rapidly changing business 
landscape. 

With regards to economic systems, 
Hayek’s observations reflect these kinds of 
system’s intuitions. He hypothesized that 
economies where the authority structure was 
highly centralized (e.g., socialism) would 
have too much friction. In essence, this kind 
of organization would be too conservative 
to keep pace with important changes in 

the economic ecology. On the other hand, 
Hayek observed that some degree of friction, 
in terms of regulated markets and public 
information sources, was necessary for 
stability in economies where authority was 
broadly distributed (e.g., capitalism).

In the simple observers from Chapter 
8 the predictions were based on integrating 
information over time. However, in complex 
organizations information has to be 
integrated over both time and space. That 
is, an organization has an opportunity to 
tap into the unique perspectives of people 
in many different places, each with perhaps 
unique insights and also unique biases.  This 
brings us to the last consideration relative to 
the semiotic dynamics of organizations - the 
challenges and opportunities associated with 
diversity.

Diversity

There is a well known African proverb:

If you want to go fast, go alone. If you want 
to go far go together.

This reflects a contradiction or tension 
between two visions of organizational 
effectiveness. On the one hand, there is 
the vision that focuses on the leaders, as 
heroic experts who ignore the conventional 
wisdom of the crowd. Typically, this person 
has a ‘Damn the torpedos, full speed ahead’ 
attitude with a penchant for action. This is 
a common theme in our history books that 
tend to fixate on the ‘great’ men (and women) 
who have the confidence to go against the 
current in order to lead their organizations to 
accomplish great things. 

On the other hand, there is the vision 
of the participatory leaders who listen to and 
empower the people in their organizations in 
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order to harness the wisdom of the crowd. 
In this vision, the collective wisdom of the 
organization (the crowd) is considered to 
be smarter than any single expert.  Thus, 
the success of the leader is attributed to the 
humility required to defer to the collective 
voice and to leverage the collective skills of 
the people in the organization.

The African proverb suggests that 
the first vision will be quick to seize 
opportunities when they arise. While this 
strategy may be good in the short run, it will 
not take an organization far, because this 
strategy increases the probability of taking a 
wrong turn, of getting lost. No matter how 
intelligent the heroic leader, he will not have 
all the information that is available to the 
crowd. This is a high gain or low friction 
system, quick to respond to change (whether 
its source is signal or noise).

The second vision will be slow or 
sluggish. It typically takes time to build 
consensus and to get a crowd moving toward 
a common goal. The consequence is that the 
organization with a participatory leader will 
often miss opportunities that require quick 
responses.  However, the crowd is less likely 
to take a wrong turn!  This is a low  gain or 
high friction system, slow to respond to 
change, but a system that takes full advantage 
of the information available, and thus, more 
consistently moving in a positive direction.  

Which vision of leadership is correct? 
You should be catching on by now - this is 
another situation where it is not a question 
of either - or, but rather both-and. The wise 
leader has to be confident enough to pull 
the trigger (i.e., to act in pursuit of a goal) in 
order to avoid the paralysis of analysis; AND 
the wise leader has to be humble enough to 
know that he can only see part of the whole 

problem (i.e., to value the opinions of others 
and to delegate authority). 

In this context confident or humble is 
not a contradiction, but rather a question 
of balance in a circular dynamic that has 
to meet the joint constraints of the control 
and observation problems in order to adapt 
to the functional stability requirements. In 
semiotic terms, the organization has to find 
a balance that allows it to converge on the 
‘meaning‘ relative to satisfying its functional 
objectives.  Different functional situations 
will require different balances. There are no 
absolute solutions to effective leadership 
- there is only better or worse solutions to 
the functional situational demands.   In 
high tempo environments, the participatory 
leader may simply be too slow to act. In 
complex, high risk environments, the heroic 
leader may be too quick to act. 

One factor to consider when searching 
for the right balance between trusting the 
wisdom of heroic leaders or the wisdom 
of crowds is to consider what are the right 
conditions for making crowds smart? This 
is where the issue of diversity may be very 
important. 

Hung and Plott explored the dynamic 
of group decision making using a variation 
of the book bag and poker chips experiment 
described in Chapter 8.30 In their experiment, 
there were two urns: one (RED) urn 
contained two red balls and one white ball 
and the other (WHITE) urn contained two 
white balls and one red ball. Groups of ten 
people participated in the experiment. Each 
person would make one private draw from 
the urn (i.e., only they saw what color was 
drawn), then the person would make a 
public guess about whether the urn was 
RED or WHITE. Thus, each person had two 
sources of information to use: 1) their private 
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observation; and 2) the responses of everyone 
who had drawn before. 

How should these two pieces of 
information be weighted?  Should you go 
with your unique observation? Or should 
you trust the crowd? 

Again, it is impossible to answer these 
questions without knowing the reward 
structure or payoff matrix. The experiment 
used three different payoff structures. In 
one condition, people were awarded for the 
accuracy of their own guess about the urn. 
In another condition, people were awarded 
based on whether the group vote (majority) 
was correct. In a third condition, people were 
awarded based on conformity to the group 
choice (whether accurate or not).  

The pattern of responding was quite 
different for the three reward conditions. 
In the first condition (reward contingent on 
individual accuracy) there was a tendency 
for people to discount their own observation 
relative to the choices of a prior majority.  
This turns out to be a fairly smart strategy, 
since the choices of others can be valid 
information about the true state of the world. 
This results in a cascade so that eventually 
people fall in line with the majority, even 
when it is not consistent with their unique 
pieces of evidence.

In the second condition (reward 
contingent on the majority vote) people 
would report their unique observations. 
There was little evidence of cascading. This 
turns out to be a very smart strategy.  This is 
a clear case where the group can be smarter 
than any individual, because each individual 
contributes a unique piece of evidence.

In the third condition (reward contingent 
on agreement with the majority), there was a 
very strong tendency to cascade - people had 
a strong tendency to follow the crowd. This, 

of course, was the least effective strategy for 
accurately determining the urn color. 

This study illustrates the potential 
value of diversity. In condition two, where 
each person contributed a unique and 
independent perspective the group was 
smarter than any individual and smarter 
than the other groups. In condition one, 
the group was not quite as smart as the 
majority, since once a cascade began the 
unique observations of those individuals 
would be lost, but individuals could improve 
their performance by taking advantage of 
the information from others. However, in a 
condition where there was strong pressure 
to conform, the group was not much smarter 
than any individual. In this last condition, 
the value of diversity was lost.  

Another study gave groups of 2 to 5 
people a series of problems to solve in an 
attempt to measure group IQ.  The results 
showed that there did seem to be a group 
IQ, such that groups that were good at some 
problems, also tended to be good at the other 
problems - suggesting a general quality of 
intelligence for groups. 

The interesting result from this study 
was that there was not a strong correlation 
between the group IQ and either the 
average of the individual IQs or the highest 
individual IQ in the group. It turns out that 
the measure that was most strongly related 
to group IQ was the average social sensitivity 
of group members. Another significant factor 
was turn taking in the group interactions. 
“Groups where a few people dominated the 
conversation were less collectively intelligent 
than those with a more equal distribution of 
conversational turn-taking.”32

The importance of social sensitivity for 
group success supports the hypothesis that 
success in muddling through life depends on 
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both the heart and the head. It is important 
to remember also that for a group, success 
in muddling through will not simply be a 
function of making the ‘right’ choice, it will 
be a function of making the choice ‘right.’ 
In other words, ultimate success of group 
muddling also requires coordinating (e.g., 
sharing information and adjusting behaviors 
to synchronize with the actions of others) 
and cooperating (e.g., compromising self-
interest in order to satisfy the group interest). 
It is likely that social sensitivity will be even 
more important to sustaining coordination 
and cooperation as it was to solving the 
cognitive problem reflected in the group IQ 
study. 

Sensemaking

In Chapter 9 (Figure 9.3), we presented 
the example of tennis as a hierarchical 
nesting of control loops. This type of image 
can be adapted to any functional problem. 
Figure 14.4 illustrates the multiple loops that 
might be involved in a larger organizational 
control problem, like managing a nuclear 
power plant. Within this hierarchy of control 
loops, outer or higher loops tend to set the 
constraints on inner or lower loops. Also, 
inner loops will tend to involve smaller time 
constants and faster operational tempos than 
outer loops. 

 Figure 14.4 shows the functional 
dynamics of the problem, but the 
organization structure reflects the 
communication links and distribution of 
authority over these functional constraints. 
All the constraints on stability that we 
discussed in earlier chapters apply to this 
multi-loop system. Thus, a key to the quality 
of performance of the organization will 
be whether the communication links and 

distribution of authority match well to the 
functional demands.

From the perspective of observability, the 
question is whether the loops at different levels 
have timely access to the information necessary 
to accurately assess the relevant ‘states’ of 
the organization with respect to the relevant 
functional goals. Note that different ‘states’ of a 
work domain will be accessible and relevant at 
different levels within the functional dynamic. 
For example, it may be important for an air 
traffic control center to consider the volume 
of traffic relative to multiple runways over 
an extended time period, in order to set up a 
proper landing sequence. However, a pilot 
might focus on where his plane fits within the 
sequence for a single runway within a much 
shorter period of time. 

Also, while individuals (e.g., pilots and 
physicians) might have timely information 
for a small subset of situations (e.g., landing 
approaches or patients), they may, they may 
not have access to information about the 
overall safety of the industry, that requires 
integration of observations over many 
individuals for longer periods of time. This 
kind of information is only accessible to 
regulatory agencies who have access to 
distributed information (e.g., error reporting 
systems) and have the analytical resources 
to integrate the data in order to observe 
industry level patterns and trends. 

From the perspective of control, the 
tempo of operations that determines the 
windows of opportunity for responding 
to situations will be critical to decisions 
about the distribution of authority.  In 
high pace environments, the time to pass 
information up the chain of command 
and to pass instructions back down may 
simply be too long for stable control. In 
these situations, stability will demand that 
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authority be distributed to lower levels of the 
organization. 

In very high pace ecologies, it will 
be necessary to distribute authority to the 
sharp end of the organization (i.e., flatten 
the organization). In these ecologies, the 
higher levels will be less involved in control. 
However, they may play a very important 
role with respect to observation. That is the 
higher levels may be an important and/or 
necessary source of information about global 
states, trends, or patterns that people at the 

sharp end of the organization need in order 
to make consistently smart choices. 

Due to the joint impact of the 
availability of high speed communication 
networks and of ecologies with fast tempos of 
change due to competitive pressures, there is 
much enthusiasm for flattening organizations 
(i.e., distributing authority). However, it is 
important that in pursuing the benefits of 
distributed authority structures, we do not 
lose sight of the value that centralization can 
have for integrating information over time 
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and space in order to ‘see’ the big picture 
with respect to organizational goals.  

Predicting the future may be essential 
if an organization wants to go ‘far.’ While 
those at the sharp end of the system may be 
better coupled with the short-time demands, 
they may not have the capacity to do the 
integration of information that is necessary 
to see very far down the road. Thus, for 
organizations that want to go ‘fast’ and ‘far’ 
it will be necessary to both empower those at 
the sharp end (e.g., the boots on the ground) 

to act in response to local disturbances and to 
empower those at the blunt end (e.g., central 
headquarters) to listen in order to detect 
global patterns and to provide ‘top view’ or 
‘common ground’ to facilitate coordination 
at the sharp end. In this vision, the role of 
higher levels in the organization changes 
from being the central command (emphasis on 
greasing the wheels to facilitate participation 
in action) to being the central intelligence 
(emphasis on providing the essential friction 
to avoid catastrophic mistakes).  

Concluding Remarks

It is impossible to do full justice to the 
dynamics of sensemaking in organizations 
and groups in a single chapter.  The goal 
here was to provide a second perspective 
on the semiotic triad  to emphasize that 
this dynamic is not a unique property of 
individual people.  The control and observer 
problems reflect general properties of 
functional systems, whether they are cells, 
people, robots, or organizations. 

We chose the organizational 
perspective because this perspective is 
particularly important for those interested 
in designing more effective work systems.  
Work is seldom a solitary activity. Work is 
accomplished by sociotechnical systems that 
include multiple people using a variety of 
technical tools. 

The organizational perspective was 
also chosen for pedagogical reasons.  By 
scaling up the semiotic problem to the 
organizational level we hope that some 
aspects of the muddling process may be 

more salient.  For example, the problem of 
coordinating multiple degrees of freedom 
and the value of organizing those degrees 
of freedom into coordinative structures 
might be more obvious when the degrees 
of freedom are distinct people in an 
organization, rather than individual muscles 
in a body. 

Finally, we would like to comment 
on a trend toward ‘systems thinking’ in 
the social sciences. People are becoming 
increasingly aware of the organizational 
context of work. This awareness is often 
broadcast as a ‘general systems approach’ 
to work.  The emphasis is on systems and 
the term emphasizes that relative to former 
approaches that might have focused on 
the human-machine interaction, the new 
approaches are taking into account the 
larger ‘whole’ or system that includes 
organizational constraints.

However, we think that often these 
approaches are missing an important 
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element of ‘general systems thinking.’ 
General systems thinking is not just about 
making the field of view bigger - looking 
at more things.  General systems thinking 
involves understanding dynamics that 
generalize broadly across levels and across 
domains. We would like to see greater 
emphasis on the term general.

Thus, the key point from a general 
systems thinking perspective is that the 
dynamics of circular systems apply generally. 
They apply to any system where perception 
and action is coupled. As in the cognitive 
literature, in the broader literature on social 
and organizational dynamics there are often 
references to control theory and the box 

diagrams typically illustrate the presence 
of feedback.  However, the generalizations 
rarely go beyond the diagrams and trivial 
metaphors.  

One of our goals is to convince social 
scientists to take the rich literature on 
systems dynamics a bit more seriously, 
so that both research and design will be 
guided by theories of dynamic systems.  
While it is encouraging that social scientists 
are beginning to appreciate the circular 
dynamics of cognition and sensemaking, it 
often feels like they are reinventing wheels 
that have long been available in the broader 
fields of communication, control, and system 
dynamics. 
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Chapter 15
Putting Experience to Work

As Lindblom1 has pointed out there is little 
disagreement with respect to the heuristic 
nature of either human rationality or 
organizational sensemaking. The source 
of disagreement arises with regards to the 
‘ought’ or the norms for human rationality. 
The conventional approach has looked 
to mathematics (e.g., deductive logic, 
probability theory, statistics) and economics 
(e.g.,  utility theory)  to provide the 
‘benchmarks’ for rationality. 

As Lopes2 has observed this approach 
tends to ‘score’ human performance relative 
to the metrics suggested by the mathematical 
and economic models. When human 
performance deviates from the prescriptions 
of these models, it is labelled an error or 
irrational and it is typically attributed to 
‘weaknesses’ or ‘limitations’ inherent to 
humans (e.g., limited memory or attention). 

The motive driving the conventional 
research programs in perception and 
cognition is the idea that through observing 
where the human fails we will be able to 
gain insights into the nature of the internal 

mechanisms. The ultimate goal is to learn 
how the human mind works, but the 
assumption is that a critical first step to 
learning how it works is to discover where 
it fails. 

These research programs can be very 
seductive. The first step is to define a specific 
problem. For example, consider the problem 
described in Chapter 5: to discover the rule 
for generating strings of three numbers, 
where 2, 4, 6 is given as an exemplar that 
is consistent with the rule. Key criteria 
for choosing a problem are that it fits the 
assumption of a specific model of rationality 
and that it has a well-defined ‘right’ answer. 

An additional criterion is that a 
significant portion of people will get it 
wrong! If most people get it right, it is 
generally considered a trivial problem and 
it will get little attention from conventional 
researchers. 

Thus, the typical research narrative 
proceeds: 1) choose a problem that is well-
defined with respect to your model; 2) collect 
empirical data demonstrating that many 
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people get it wrong; 3) demonstrate using the 
model what is the right answer. 4) suggest 
hypotheses about the internal limitations, 
weaknesses, or biases to account for the 
deviation. 

The applied implication of this research 
program is that humans are irrational. Thus, 
it is important that designers compensate 
for this irrationality through either training 
or automation or both. That is we need 
to train people to better conform with the 
mathematical model used to define the right 
answer. And/or we need to replace the 
human with a computer program that will 
reliably conform to the mathematical model.

This conclusion that humans are 
irrational can be reinforced by observations 
of humans at work. Jens Rasmussen3 has 
observed that when observing experts in 
their natural domains, many of their choices 
appear irrational relative to the normative 
conventions. Note also, that experts are often 
prone to the same errors and biases reflected 
in the general population when tested using 
the typical laboratory puzzles. 

However, Rasmussen continues that 
as he learns more about the particulars of 
an expert’s domain, he typically discovers 
that the behavior that appeared irrational 
at first, often reflects the expert’s deeper 
understanding of the domain constraints. 
Typically, these apparently irrational 
strategies are adaptive responses to the 
constraints of the situated dynamics. For 
example, remember the example of aiming 
off. The tendency to alway miss the bridge to 
the near side might appear to be a bias to a 
naive observer who does not understand the 
implications of missing the bridge and not 
knowing its relative direction along the river. 

The other insidious aspect of 
observations of people at work is ironically 

associated with a bias that has been well 
documented in the conventional literature. 
That is, the hindsight bias. However, in this 
case, the bias applies to researchers, not 
to the humans operators being observed. 
When an accident or disaster happens (e.g., 
a loss of coolant accident in a nuclear power 
plant or an airplane crash), it is typical for 
researchers to trace backwards along the 
events leading up to the accident in search 
of the root cause.

Rasmussen observes that with respect 
to this approach to explaining accidents, the 
human operators are in a very unfortunate 
position. This is because it will almost always 
be possible to find a point on the event 
trajectory where a human did something 
that contributed to the accident or failed to 
do something that would have prevented the 
accident. Thus, researcher’s conclude that a 
very large portion of industrial accidents are 
caused by human error! 

In more sophisticated approaches 
to accident investigations the search for 
an explanation may not stop with the first 
human error. These approaches search further 
to discover that there may be failures at 
higher levels in the organization (i.e., failures 
in organizational sensemaking, pathogens4) 
that contributed to the human error (e.g., 
inadequate staffing or resources, or pressures 
to increase efficiency/profits at the cost of 
increased risks). However, the bottom line 
typically boils down to the fact that someone 
at some level of the organization made an 
irrational decision. It is defined as  irrational 
because there was an accident (i.e., based on 
hindsight). Further, no one is surprised that 
this irrationality would result from human 
decision making, since we have so many 
clear demonstrations in the laboratory that 
prove that humans are irrational. 
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What’s wrong with this narrative of the 
irrational human? How on earth have these 
irrational, weak-minded animals survived? 
Lopes suggests that if humans consistently 
deviate from our models of rationality, 
then maybe the errors or weaknesses are not 
attributes of humans, but attributes of our 
models:

Although it is common in the sciences for 
the achievements of one model to serve as 
a benchmark against which to evaluate the 
achievements of another model, it makes no 
sense to say that a model of behavior can 
serve as a benchmark for the behavior it is 
modeling. If there are disparities between 
the behavior and the model, then it is the 
model that has failed to measure up, not the 
other way around.5

The implication is that maybe the 
models that are held up as the norms for 
rationality are not appropriate! Perhaps, 
mathematical/logical prescriptions provide 
the wrong benchmarks or ideals for scoring 
performance. So, where do we look for 
guides with respect to a rationality that will 
lead to success in everyday life and in the 
workplace. 

The hypothesis that we will suggest is that, 
rather than looking to mathematicians and 
economists for our standards of rationality, 
perhaps we should look to our elders. That is, 
we should measure rationality relative to 
the successes of those who have gone before. 
For general benchmarks with respect to a 
successful life, we should look to the wise 
men and women who have preceded us 
(e.g., the sages and/or perhaps our parents 
and grandparents). For benchmarks with 
respect to specific work or problem domains, 
we should look to the experts within those 
domains. Just as in athletics, we look to the 
achievements (records) of the best athletes 
as the standards against which to measure 
performance, so too in other domains we 
should start with the assumption that the 
appropriate standard for quality is the level 
of accomplishment of the ‘best’ people. 

The key to this approach to rationality 
is that the rational person learns from the 
successes and failures of those who have 
gone before. And of course the converse of 
this is that the irrational person is the person 
who doesn’t benefit from the experience of 
others and insists on making every mistake 
themselves!
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Experience in Context

Underlying the conventional approach 
to cognition that holds the ideals of 
mathematics and logic as standards for 
rationality is the dyadic semiotic model of 
cognition and the dualistic ontology where 
mind and matter are distinct. Note that the 
conventional approach assumes that there 
are ‘mechanisms’ of mind! The implication is 
that mind has a structure (i.e., a mechanism) 
that can be understood independently from 
its function with respect to survival in an 
ecology. Thus, context doesn’t matter. Any 
stimulus or puzzle is potentially as good 
as any other with regards to revealing that 
underlying structure, since it will be the same 
structures (same head) in the work ecologies 
as in the laboratory puzzle ecologies. 

Of course, a fundamental premise of 
the triadic model that underlies an ecological 

alternative to the conventional approach is 
that context does indeed matter! Klayman 
and Ha’s review of the 2, 4, 6 puzzle 
described above (originally introduced in 
Chapter 5) provides an excellent case for how 
context does matter for this particular task!6

Klayman and Ha note that Wason 
(1962)7 picked this particular task specifically 
to demonstrate “the pitfalls of confirmation 
bias.” In this case, the typical Hypothesis 
suggested by the initial example is ‘increasing 
by 2.’ This hypothesis is a subset of the 
True Rule, which is ‘any three increasing 
numbers.’ As illustrated in Figure 1, in this 
particular case, if people only test the rule by 
making positive tests (i.e., testing exemplars 
that are consistent with their hypothesis), 
then they will never get a ‘No’ response and 
the ‘Yes’ responses provide only ambiguous 
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Figure 15.1 Figure 15.1. This figure shows Wason’s (1960)8 rule discovery task. In the context of three 
different relations between the True Rule (T) and the Hypothesis (H) being evaluated (after 
Klayman & Ha, 1987)
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verification of their hypothesis. Participants 
using this strategy typically become 
increasingly confident in their hypothesis, 
however, they are unlikely to discover the 
True Rule. 

Also note that consistent with the 
prescriptions of inductive logic, the only 
conclusive or diagnostic feedback results 
from using an exemplar from outside the 
Hypothesis Set. An exemplar from outside 
the hypothesis set  (a negative test), such as ‘5, 
10, 30’ will provide conclusive falsification. 
That is, it will reveal that the hypothesis of 
‘increasing by two’ is too narrow. Note that 
using a different negative test, such as ‘6, 4, 
2’ results in ambiguous verification that the 
‘increasing by 2’ hypothesis is correct. 

However, Klayman and Ha observe 
that the relation between the common 
hypothesis and the True Rule is one of many 
contexts that participants might encounter 
in everyday life. For example, suppose 
the True Rule was ‘three even numbers.’ 
In this case, there is overlap between the 
common hypothesis (increasing by 2) and 
the True Rule.  Thus, a positive exemplar (1, 
3, 5) could result in a ‘No’ response, which 
would conclusively falsify the hypothesis of 
increasing by two. 

A third context is also illustrated in 
Figure 1. In this context, the True Rule (i.e., 
3 consecutive even numbers) is a subset of 
the common hypothesis (increasing by 2). 
In this context, a ‘No’ response to a positive 
exemplar (e.g., 1, 3, 5) is the only conclusive 
feedback. No conclusive feedback will result 
from using negative exemplars (i.e., using 
the prescribe disconfirmation strategy). 

Note that the positive test strategy is 
not perfect. It will not work in all contexts. 
It is a heuristic (or bias). However, Klayman 
and Ha avoid the conventional inclination to 

conclude that humans are irrational, because 
they adopt a strategy that does not work in 
all situations. They observe that “under some 
very common conditions, the probability of 
receiving falsification with +Htests could 
be much greater than with -Htests.” They 
conclude:

Our review suggests that people use the 
+test strategy as a general default heuristic. 
That is, this strategy is one that people use 
in the absence of specific information that 
identifies some test as more relevant than 
others, or when the cognitive demands of 
the task preclude a more carefully designed 
strategy. Our theoretical analyses indicate 
that, as an all-purpose heuristic, +testing 
often serves the hypothesis tester well. 
That is probably why it persists, despite 
its shortcomings. For example, if the 
target phenomenon is relatively rare, and 
the hypothesis roughly matches this base 
rate, you are probably better off testing 
where you expect the phenomenon to occur 
rather than the opposite. This situation 
characterizes many real-world problems. 
Moreover, +tests may be less costly or 
less risky than -tests when real world 
consequences are involved (Einhorn & 
Hogarth, 1978; Tschirgi, 1980).9

In a world where context matters, it is 
always risky to generalize a procedure that 
works in one context to another context. 
A procedure that works perfectly in one 
context, may lead to catastrophic results in 
another context. However, the conventional 
decision literature is very prone to this error. 
Large generalizations are made about the 
nature of human rationality, based on a very 
narrow set of contexts, all of which tend to be 
motivated by a commitment to mathematical 
norms as the standards of rationality. 
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Brunswik10 has long argued that our 
experimental contexts have to be 
‘representative’ of the contexts to which 
we want to generalize. If we want to make 
a broad statement about human rationality, 
then this should be based on a broad 
sampling of contexts. 

Conventionally, psychologists have 
recognized the need to appropriately sample 
the subject population, when making 
broad generalizations. However, since the 
‘situation’ is not included as a factor within 
the dyadic semiotic they have conventionally 

not recognized the need to sample situations 
or contexts. 

Klayman and Ha illustrate why it is 
essential to sample various contexts, before 
drawing the conclusion that humans are 
irrational or that they are poor decision 
makers.  In fact, Klayman and Ha suggest just 
the opposite. When performance is viewed 
through a triadic semiotic lens that considers 
the impact of context, it seems that the general 
strategy that people use is one that may be 
very well tuned to the general demands of 
making decisions in complex contexts. 

The Bounds of Experience

Simon’s construct of bounded rationality fits 
very well within the conventional narrative 
about human decision making. In the context 
of the underlying dyadic semiotic, the 
bounds on rationality reflect properties of the 
internal thinking mechanisms or the internal 
programs. As noted earlier, these bounds are 
typically attributed to information processing 
limitations (e.g., limited channel capacity, 
limited memory, limits on computational 
capacity). 

From the perspective of a triadic semiotic 
model, the construct of bounded rationality, 
remains important. However, it shifts the 
focus from the internal mechanisms, to the 
experiences of the humans.

To fully appreciate this shift in 
perspective it is important to realize that all 
models, whether internal cognitive strategies 
or computational models implemented on the 
highest speed super computers available, are 
bounded! The internal models or strategies 
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that humans use to make decisions and solve 
problems are bounded by their experiences, 
which determine what they pay attention 
to and how they integrate the available 
information to make sense of the situation 
and guide action. 

However, this is also true of every 
computational model implemented in any 
form of hardware. Every model is bounded 
by the assumptions that guided its design, 
which determines what data the model 
attends to and determines how the data 
are integrated to form conclusions or guide 
actions.11

Thus, there is no super observer that we 
can hold up as a gold standard for rationality. 
When human decision making deviates from 
the behavior of a particular computational 
model, the best we can conclude is that the 
bounds or constraints on the two different 
strategies are different. Thus, we propose 
that the only basis for comparing the quality 
of two alternative rational processes is 
pragmatic and local! Does one work better 
than the other in a specific context? 

Note that it is likely that this will vary 
with situations - one model might be better 
than another in any specific situation. But we 
can also score the models in terms of their 
robustness. A more robust model is one that 
works over a broader range of situations. 
Thus, a way to restate the conclusions of 
Klayman and Ha is that humans are biased 
to apply the more robust strategy to the 
Rule Finding task, rather than one that is 
specifically designed for that task. While 
a robust solution (or control system) may 
be capable of achieving satisfying levels of 
performance in a wide range of situations, it 
may not be optimal for any specific situation. 
In the context of the triadic semiotic model, 
rationality will always be bounded by 

experience or learning. Thus, the ‘error’ 
illustrated in Wason’s particular variation 
of the rule discovery task is a problem 
of transfer of learning, not a symptom of 
a flawed internal mechanism (or flawed 
rationality). In essence, people tend to apply 
a strategy that has worked generally in 
the past to a novel situation, where  in this 
particular case it happens not to fit well.

This is necessarily the case for all 
observers, as discussed in Chapter 8. The 
estimation of the true state of the world 
for an observer is always a joint function 
of the current observation (e.g., the puzzle 
presented to the participant in the Wason 
experiment) and the expectation based 
on an integration of all prior observations 
(e.g., prior experience in trying to discover 
rules or patterns). The gain of the observer 
determines the relative weight given to these 
two sources of information. 

An observer with a low gain gives 
more weight to or is more tightly bound by 
past experience. For example, the participant 
in the rule discovery experiment trusts a 
strategy that has been reliable in the past. An 
observer with a high gain is less constrained 
by experience, putting more weight on the 
specifics of the particular situation. 

It is important to understand that 
there is no absolutely perfect solution to the 
observer problem. Lower gain will be less 
likely to follow the noise, but it will also 
be sluggish or conservative in detecting 
real change. In decision terms the low gain 
observer will tend to over generalize -- 
depending heavily on strategies that worked 
in the past -- and it will be slow to adapt 
new strategies when faced with novel or 
unfamiliar situations. 

The high gain observer will be quick 
to detect real change, but it will also tend 
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to chase the noise. In decision terms, the 
high gain observer will tend to be reactive 
to situations, not fully taking advantage 
of learning to develop generally robust 
strategies. 

To put this in practical terms, consider 
the decision problem in a hospital emergency 
department. In observing emergency 
physicians, Feufel12 found that two heuristics 
were very important in shaping their 
decisions. The first heuristic is “Common 
things are common.” In the context of 

observer theory, this heuristic suggests that 
the physician’s gains should be low. That is, 
they should give heavy weight to experience, 
which is the basis for identifying something 
as ‘common’ (i.e., it has been seen frequently 
in the past).

The second heuristic is “Worse Thing.” 
That is, rule out any potentially hazardous 
condition that might be consistent with the 
symptoms, even if it is low probability. In 
the context of observer theory, this heuristic 
suggests that the physicians’ gains should be 
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somewhat higher. That is, they should give 
heavy weight to anything that might result 
in serious harm, even if it is not consistent 
with expectations based on what is common. 

Figure 15.2 illustrates the situation of 
the emergency department physician as an 
adaptive observer/control system embedded 
in a larger sociotechnical system. In this 
illustration the two heuristics are represented 
as outputs of the physician’s mental model 
showing the possibility set being considered. 
The illustrations suggests that these two 
heuristics are weighted and combined in 
order to select the next set of actions. 
If physicians lean too heavily on the 
“Common Thing” heuristic, there is a risk 

that they might miss a less common, but 
potentially critical problem which could 
result in serious consequences for the 
patient. If physicians lean too heavily on the 
“Worse Thing” heuristic, they may expend 
expensive resources unnecessarily. In contexts 
were resources are scarce, this could have 
potentially serious consequences for other 
patients who need those resources. 

The million dollar question is what is 
the right balance or optimal weighting  for 
these too heuristics. In essence, the question 
is what is the ideal gain for the observer? 
This brings us to another construct that 
Simon introduced in the context of human 
rationality - satisficing.
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The Experience of Value

Of course there is no perfect solution to the 
question about the right balance between the 
two heuristics guiding the physicians’ choice 
of action - to the extent that ‘perfect’ means 
that errors are completely eliminated. It is a 
matter of which kind of errors to reduce or 
eliminate (see Figure 15.3). If expense and 
availability of resources is not an issue, then 
it is possible to emphasize the ‘Worse Thing’ 
heuristic, minimizing the chances of missing 
a potentially critical disease. However, if 
expense and resources are limited, then the 
‘best’ solution will take these into account by 
giving some weight to the “Common Thing” 
heuristic. The consequence would be that 
there will be occasions where a potentially 
dangerous condition might be missed. 

So, a perfect solution is not possible, but 
what about an ‘optimal’ solution. The first 
step in addressing optimality would require 
specification of the different errors  on a 
comparable scale (e.g., missing a dangerous 
condition, wasting valuable resources). One 
possible scale is money ($). What is the cost 
of a test? What is the cost of time? What is 
the cost of an injury or of a life? 

Some of these questions are very difficult, 
emotional, subjective, and situated. Does 
it make a difference if the ED is located in a 
poor inner city or a wealthy suburb? Does it 
make a difference if the patient is a wealthy 
celebrity, a close friend, a family member, 
or an indigent stranger?  Who decides the 
value of a life? This is one of the bounds on 
many of the normative models. For example, 
in order to maximize the expected value, it 
is necessary to quantify the various possible 
outcomes on a common scale. It is necessary 
to specify the value of a life in terms that are 
comparable or commensurate with the value 
of the time, effort, and resources involved 
with the various medical tests and treatments. 

Note that in the conventional research 
program on human biases, the values of 
different responses relative to the effort of the 
experimental participants is rarely part of the 
narrative. Performance is often evaluated on 
an absolute scale. There is an absolutely right 
answer specified by the guiding normative 
model and any deviation from this norm 
is considered to be simply and absolutely 
wrong! 
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This suggests an additional hypothesis to 
account for some of the deviations from 
the standards that the experimenters 
have conventionally use to ‘score’ 
behavior. Perhaps, the values of some of 
the participants (i.e., the payoff matrix, 
or cost function) are different than that 
assumed by the experimenters. Perhaps 
all of  the participants are not interested in 
identifying an absolutely right answer, but 
only one good enough to merit credit from 
the experimenter for participation in the 
experiment. 

In the conventional dyadic semiotic 
narrative, satisficing typically refers to 
deviations from a normatively optimal choice 
(i.e., the ‘best’ option). These deviations are 
often associated with compromises that 
reflect the internal constraints on human 
information processing. However, other 
constraints like time and effort are also 
typically acknowledged as contributing 
factors.

From a pragmatic perspective, the 
critical question is whether the internal 
values shaping the decisions and actions of 
the human are consistent with the functional 
demands of the work or problem domain. 
Thus, satisficing plays a much richer role in 
the triadic semiotic narrative. In this context, 
satisficing can reflect both the desire for a 
robust solution across multiple contexts 
and the real ambiguities associated with the 
values that determine whether an outcome is 
satisfying. 

It is likely that the value systems that 
are used to score performance in many 
complex systems like the ED are somewhat 
ambiguous and quite controversial. Thus, it 
may be difficult to fix a system for ‘scoring’ 
performance in terms of optimality, since the 
values themselves are constantly changing 

as a result of negotiations within the larger 
sociotechnical system. 

This is where emotions may play a 
very critical role. Emotions may play an 
important role in tuning the internal value 
system (i.e., the payoff matrix shaping the 
agents actions and expectations) and the 
ecological value system (i.e., the payoff 
matrix that determines success with regards 
to the functional demands of survival). 

Consider the physician’s dilemma 
again? What is a satisfactory balance between 
the two heuristics: Common Thing or Worse 
Thing? Perhaps, the best standard available 
is an expert physician. That is, a physician 
who has achieved long term success in the 
particular domain (e.g., emergency medicine) 
and who is regarded highly by peers. 

It is unlikely that the balance that 
guides the expert physician after many years 
of experience is the same as at the start of her 
career. How was that balance achieved? And 
what makes that balance the right balance? 

Here is a narrative that fits with the 
dynamics of triadic semiotic systems. At the 
start a novice physician might be expected 
to be out of balance with regards to over 
emphasizing one heuristic or the other. For 
example, a novice physician might not be 
cognizant of the costs of many of the tests, 
both in dollars and in the availability of the 
resources for treating other patients. And 
she might be eager to prove her cleverness 
by searching diligently for that ‘worse thing’ 
that her colleagues might miss. Alternatively, 
she may have been trained in a way that 
emphasized the ‘common things’ and may 
not have the experience to anticipate low 
probability, but potentially hazardous ‘worse 
things.’

How will she discover that she is out 
of balance? In a triadic dynamic, the tuning 
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is expected to change as a result of feedback. 
On the one hand, finding a worse thing that 
colleagues overlooked and saving a patient 
will result in praise and positive emotions. 
On the other hand, missing a worse thing that 
leads to harm to a patient or even death, will 
open the physician to blame (perhaps even a 
law suit) and negative emotional experiences. 
There will also be additional feedback from 
colleagues and hospital administrators that 
make the physician aware of the costs of 
tests and procedures. The physician who 
orders many tests creates more work for her 
colleagues and cuts into the financial goals 
of the hospital administrators. She will get 
subtle and sometimes explicit feedback if her 
payoff matrix is out of line with that of her 
colleagues or the administrators. 

Does that suggest that the colleagues 
and the hospital administrators determine 
what the right payoff matrix is? No! The point 
is that the ‘right‘ balance cannot be specified 
objectively or independently from the 
semiotic dynamic. For example, a physician 
with many years experience in a hospital 
in a wealthy suburb may discover that her 
internal payoff matrix (which is well aligned 
with her previous colleagues) is completely 
out of line with her new colleagues when she 
moves to another hospital in a poor inner 
city ecology.   

The ‘right’ value system or the 
standards for a rationality that will lead to 
satisfying results can only be realized as an 
emergent property of the circular dynamics 
of the triadic system. In other words, the 
value system underlying satisfying is in 
continuous negotiation. It is being negotiated 
in the legislatures as they debate the 
government’s role in healthcare. It is being 
negotiated in the hospital board rooms as 
financial officers consider the economic 

viability of their organizations. It is being 
negotiated in the court rooms as judges 
and juries make decisions about awards 
in malpractice cases. It is being negotiated 
among doctors, nurses, and other staff in 
the process of coordinating their day-to-day 
interactions. And increasingly, the patients 
are gaining a voice in these negotiations. 

These debates at all levels are emotional. One 
tragic case that elicits a broad and strong 
emotional reaction from the public can have 
a very strong impact on the negotiations, 
although that impact may be transient. For 
example, consider the impact of an expensive 
speeding ticket on your driving behavior. 
Most people will be much more conservative 
in their driving behavior for a short period 
following the ticket. However, over time 
the memory of the pain fades and other 
factors, such as the value of minimizing your 
commute time, may have more weight in 
shaping your driving behavior.

However, learning is an integral process 
and even the transient impacts eventually 
accumulate to influence the payoff matrix. 
For circular dynamics, the expectation is 
that systems that endure for long periods 
will have internal payoff matrices that have 
become aligned with the demands of their 
ecologies, so that there is a satisfactory (not 
necessarily optimal) fit. This is, analogous to 
the dynamics of natural selection. 

Thus, in searching for an authoritative 
standard for scoring rationality the triadic 
model looks to experience. The triadic model 
puts its faith with the experts within a domain 
as the authorities of rationality. In contrast, 
the conventional model trusts mathematics. 
It puts its trust in the authority of the 
spreadsheet. And in doing so, undermines 
faith in the authority of experience.
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John Ralston Saul has written a very 
important book titled Voltaire’s Bastards13 
that suggests that faith in spreadsheet 
models associated with the conventional 
perspective of  the Harvard Business School 
is leading society down a garden path to 
catastrophe.

Voltaire played a significant role in 
moving society from a value system based 
on the divine authority of kings to a value 
system based on reason. At the beginning of 
the Age of Reason, reason was understood to 
reflect consensus among people as reflected 
in democratic or parliamentary forms of 
government. Reason was the product of 
negotiations and arguments among groups 
of people. Thus, to a large extent reason was 
grounded in the experiences of the people 
participating in the debate. 

Saul’s thesis is that increasingly the 
authority has shifted from the experience of 
people to the computations of spreadsheets. 
In other words, the authority has now been 
invested in the formal logic and mathematics 
that underly the spreadsheet calculations. 
The arguments have been reduced to dueling 
spreadsheets. And any experiences that 
cannot be quantified in terms commensurate 
with the spreadsheets are ignored. Today, 
authority often rests with the people who 
own the spreadsheets. 

Saul refers to the people who own the 
spreadsheets as Voltaire’s bastards, because 
he argues that the spreadsheets are often as 
disconnected from the pragmatic realities of 
everyday life as were the kings that ruled 
prior to the Age of Reason. Saul suggests 
that putting trust in the spreadsheets 
is as irrational as putting trust in the 
divine authority of kings and he provides 
compelling examples of how Voltaire’s 
bastards are undermining the quality and 

ultimately the stability of many social 
systems. 

The Voltaire’s bastards narrative 
goes like this: A person starts a company to 
produce high quality running shoes, because 
he simply can’t find any shoes on the market 
that satisfy his needs. The company becomes 
successful and too big for the founder to 
manage, so she hires skilled managers to 
take care of the business side of the company. 

These managers begin examining 
the company through their spreadsheets 
and discover that they can dramatically 
increase profits if they use cheaper materials 
and labor. The company founder objects 
because the changes are undermining the 
quality of the shoes and violating his sense 
of responsibility to the skilled workers who 
made important contributions to building 
the company. These objections are dismissed 
as (irrational), since the quality of shoes and 
the ethical responsibility to the workforce are 
not  factors in the business spreadsheet. 

Profits go up, the founder retires 
because the work is no longer satisfying, 
the manager takes a much higher offer 
to manage a new computer start up 
after an article is published in a business 
magazine praising his role in increasing 
profits. Finally, the customers’ loyalty to 
the company gradually erodes, because 
the quality of shoes no longer meets their 
expectations, beginning a slow descent into 
mediocrity or complete collapse. 

The most insidious aspect of the 
authority of spreadsheets is that the social 
evaluation or scoring of people is determined 
by the spreadsheets. So, that the same people 
who are undermining the quality and 
stability of institutions are being celebrated 
and rewarded as ‘heros’ or ‘geniuses.’ 
While the people who actually care about 
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things that are not commensurate with the 
spreadsheets (e.g., the quality of shoes or of a 
patient’s life) are ignored or sidetracked. 

The faith in the spreadsheet 
computations has become heavily ingrained 
in Western culture. The participants who 
deviate from the prescriptions of the 
mathematical norms for rationality when 
faced with the conventional research 
puzzles, such as Wason’s tasks, are easily 

convinced that they are wrong when the 
experimenter or teacher demonstrates 
the ‘right’ answer using the spreadsheet 
computations. The underlying theme of the 
conventional decision paradigm has been 
don’t trust yourself or other humans, trust 
spreadsheets! The conventional decision 
research program has been a clear winner, 
because it is well aligned with the authority 
of the spreadsheet. 

Integrating Experience Across the Ages

Someone who is committed to the conventional 
dyadic view of cognition and decision making 
might raise a potentially serious challenge to 
Saul’s thesis with respect to Voltaire’s bastards: 
“Doesn’t mathematics, logic, and economics 
reflect the cumulative experience of humans? 
In trusting the authority of the spreadsheets, 
aren’t we in fact leveraging the experiences of 
many generations?”

However, these questions miss the 
point. The problem is not the mathematics or 
the computations behind the spreadsheets. 
The problem is that the spreadsheets often 
do not align with the functional values 
that determine long term success in an 
ecology or domain. The problem is when 
the spreadsheet logic that led to a profitable 
automobile business is applied uncritically 
to managing a hospital or a university. The 
problem comes when the authority is given 
to people who are skilled at managing the 
spreadsheets (the Harvard MBA), even when 
they have no experience in the domain to 
which the spreadsheet is being applied (e.g., 
making quality running shoes). 

The problem is when the authority for 
determining the ‘right’ decisions with 
respect to healthcare is taken from the 
healthcare professionals and the patients 
and given to the MBAs. The problem comes 
when the healthcare professionals are 
serving the spreadsheets, rather than when 
the spreadsheets are the tools of those who’s 
experiences are grounded in the healthcare 
domain. 

If Saul’s thesis is correct, then Western 
society is heading on a dangerous path where 
instability and collapse is very likely. How 
did we come to be traveling this wrong path?

Pirsig14 suggests that Aristotle and 
Plato are in large part responsible for 
setting Western society on this wrong path. 
Obviously, Plato’s Myth of the Cave aligns 
well with the conventional dyadic narrative. 
Unaided, humans only have access to the 
shadows on the wall. The only path to truth 
is through mathematics! Don’t trust your 
senses, put your faith in the computations 
of the geometers and other mathematicians. 
Aristotle, on the other hand, put his faith 
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in the systematic processes of empirical 
science. Trust the analytical methods of 
experimentation and statistics to pull out the 
truth from the noisy data. 

Thus, the spreadsheet plays a very 
important role for both Plato (who focuses 
on the purity of the computations) and 
Aristotle (who focuses on integration of the 
accumulated noisy data). In essence, Pirsig 
has nominated Plato and Aristotle as the 
progenitors of Voltaire’s bastards. Or in other 
words, he is suggesting that the irrationality 
of a world dominated by Voltaire’s bastards 
is an inevitable result of taking the path set 
by Plato and Aristotle. 

What’s the alternative? Where do 
we look to find an alternative to Plato and 
Aristotle? Pirsig suggests that rather than 
look to Plato and Aristotle who are the 
winners on a scorecard aligned with the 
logic of spreadsheets, we might consider 
the losers. The common enemy of Plato 
and Aristotle were the Sophists! They were 
the big losers! In the world of Voltaire’s 
bastards the Sophists are vilified. Their name 
has become  intimately associated with 
irrationality (sophistry - the use of fallacious 
arguments, especially with the intention of 
deception). 

Why were the Sophists such a threat 
to Plato and Aristotle? Why have they been 
vilified in the world of Voltaire’s bastards? 
Reconsider this quote from the noted sophist, 
Protagoras: 

Man is the measure of all things!

The Sophists taught rhetoric. For 
the Sophists the path to truth was debate 
and argument. The test was consensus! 
Rationality was associated with the ability to 
convince other people. Thus, rationality was 

grounded in the experiences of the people 
participating in the debate or the vote and 
their ability to eloquently and convincingly 
express those experiences.

For the Sophists, the ideal was arete. 
Where arete reflects excellence in achieving 
or fulfilling a purpose or function. This 
fulfillment of purpose reflected both skill and 
character or virtue. A person with arete was 
an expert within some domain (e.g., he was 
an excellent farmer, or an excellent warrior, 
or an excellent artist). This is the guy or gal 
who’s judgment can be trusted!

The person with arete knows how to 
do things right and knows what the right 
or moral/ethical things to do are. Thus, the 
standard of rationality for the Sophists was 
the GOOD MAN (the person with arete). It 
is important to note that the ‘good’ here is 
not an absolute. Arete refers to a situated 
good. One person could have arete due to 
her skill and wisdom as a physician , another 
person could have arete due to his skill and 
wisdom as a nurse, and other people could 
have arete due to their skill and wisdom in 
other domains. In today’s world, one of the 
skills might include being able to manipulate 
the spreadsheets. However, arete is only 
present when the skill is complemented 
by the wisdom to know what goes into the 
spreadsheet and what the output means with 
respect to doing the right thing in a specific 
domain of application.

Perhaps the closest contemporary 
construct to arete is ‘wisdom.’ Stephen Hall 
writes of wisdom:

One of the hallmarks of wisdom, what 
distinguishes it so sharply from ‘mere’ 
intelligence, is ability to exercise good 
judgment in the face of imperfect 
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knowledge. In short, do the right thing - 
ethically, socially, familiarly, personally.15

Many definitions of wisdom converge 
on recurrent and common elements: 
humility, patience, and a clear-eyed, 
dispassionate view of human nature 
and the human predicament, as well as 
emotional resilience, an ability to cope with 
adversity, and an almost philosophical 
acknowledgement of ambiguity and the 
limitations of knowledge. Like many big 
ideas, it’s also nettled with contradictions. 
Wisdom is based upon knowledge, but 
part of the physics of wisdom is shaped by 
uncertainty. Action is important, but so 
is judicious inaction. Emotion is central 
to wisdom, yet emotional detachment is 
indispensable. A wise act in one context 
may be sheer folly in another.16

The Sophists looked to the domain experts 
as the authorities for a rationality where 
knowing how and knowing why were 
intimately linked. Pirsig faults Plato and 
Aristotle for splitting the how from the why! 

They linked truth with the ‘how’ as reflected 
in mathematics and scientific method. In 
doing so they objectified truth in terms 
of cold hard facts that fit the logic of the 
spreadsheet. In doing so, they undermined 
confidence in everyday human experiences. 
They undermined confidence in common 
sense - in human wisdom. 

Plato and Aristotle set a path toward 
a ‘pure’ science that was not contaminated 
by  common practical, ethical, or aesthetic 
concerns. These subjective contaminants or 
obstacles to truth were relegated to the ‘arts.’ 
Thus, we have the gap between science and 
art in Western society. Science equals truth. 
Art equals fiction. Science is objective. Art 
is subjective. Science is based in logic. Art is 
based in emotion. Science is rational. Art is 
irrational. Science tells us how. Art tells us 
why.

Plato and Aristotle paved a path to 
knowledge, but perhaps at the cost of 
common sense wisdom. 

Hancock17
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The influence of Plato and Aristotle has 
shaped Western approaches to education. 
In the world of Voltaire’s Bastards the goal 
is to distill the objective facts away from 
the subjective context. Thus, we get texts 
that focus on de-contextualized, concrete/
quantitative facts (e.g., bullet points) and 
formal methods (i.e., rules and procedures). 
Evaluation has tended to focus on the ability 
to recite the facts and rigorous adherence to 
the methods and procedures. The universities 
provide knowledge about how to achieve 
our goals, but they are often silent with 
respect to suggesting what goals are worth 
pursuing. They offer knowledge for the sake 
of knowledge alone!

This is the type of education system that 
led to Pirsig’s existential crisis. Pirsig began 
to realize that the facts were accumulating 
but they were not adding up; and that 
adherence to the rules and procedures did 
not guarantee the quality of the output. 
Something was missing? Quality? Arete? As 
Hancock notes: you can’t fully appreciate 
the how, without consideration of why! The 
cold science of Voltaire’s bastards is excellent 
at addressing the question of how to get 
somewhere, but it is impotent when it comes 
to deciding where we ‘ought’ to go!

One alternative to the ‘textbook’ 
approach to learning, is a case-based 
approach to education. Here, the vehicle for 
passing on accumulated experience is the 
story. Unlike the conventional textbooks, 
good stories integrate the objective and 
the subjective, the facts and the ethics, 
the logic and emotions. A good story can 
simultaneously draw attention to facts, 
illustrate methods, engage emotions, and 
convey a moral. 

Appreciation for the power of stories, 
both for eliciting expertise from experienced 

people and for communicating that expertise 
to inexperienced novices is growing. 
For example, Gary Klein suggests that 
‘lessons learned’ from employees’ concrete 
experiences with specific problems is 
critical for effective ‘corporate memory.’ He 
suggests that these “lessons learned are best 
transmitted through stories.”

Klein has found that by probing 
stories that experts tell about critical 
incidents, he has been able to discover cues 
to the rationality underlying the ability 
to make good decisions. In many cases, 
the experts themselves are unaware of the 
factors shaping their decisions until they 
are explicated through the critical incident 
interview. 

For example, Klein19 describes the 
case of the fire commander who ‘intuitively’ 
decided to order his men to leave a burning 
building moments before the floor collapses. 
Although the commander originally 
attributed his intuitive decision to ESP, in 
the process of evaluating the account using 
the critical incident technique, Klein and the 
commander discovered the cues (e.g., the 
unexpected response of the fire to the actions 
of directing the hoses; the sounds; and the 
direction of the radiant heat) that caused the 
commander to reevaluate his hypothesis that 
the fire was above them, and to decide to 
vacate the room. 

Klein and others focus on the value 
of stories for eliciting and communicating 
the specific experiences of domain experts. 
However, an implication of their success 
is that those seeking more general norms 
or guides for rationality might look to the 
stories that endure across the ages - classic 
literature, histories,  biographies, fables, 
parables, koans, nursery rhymes,  and tribal/
family lore.  
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With respect to these potential sources of 
norms to guide decision making in a complex 
world. John Sumida’s20 thesis on Clauswitz 
provides an interesting perspective on history 
as a source for teaching military leadership 
and decision making. Conventionally, the 
role of the historian has often been seen as 
that of explaining great events. In essence, 
this typically boils down to elucidating 
the causes of success or failure based on 
extensive analysis to distill out the historical 
‘facts’ or ‘truths’  (i.e., based on hindsight).

In contrast, Sumida suggests that the 
point of Clauswitz’s ‘theory’ was to capture 
the full experience of the uncertainties and 
emotions that commanders inevitably faced. 
Not to extract away the booming, buzzing 
confusion, but to authentically simulate that 
confusion. The goal of history should not be 
to explain from hindsight, but to help in the 
development of foresight. 

In this context, Clauswitz’s construct 
of ‘genius’ had much in common with the 
Greek term arete. Genius was not simply 
a reference to superior tactical skill, but 
reflected “the will of the commander to 

make decisions in the face of incomplete 
and misleading information, fear of failure, 
and the unpredictable major and minor 
difficulties that could arise in any military 
operation.”21 

Sumida suggests three factors that 
led Clauswitz  to conclude that a “positive 
doctrine,” or a normative procedural or 
rule-based approach to training command 
decision making was futile:

1) the role of moral force - that is, emotion.
2) that war consisted of a series of 

actions and reactions by two or 
more adversaries, whose course was 
inherently unpredictable. 

3) the fact that the information upon 
which both sides based action was 
bound to be uncertain. 

In place of a positive theory, Sumida 
suggested that Clauswitz was suggesting 
that history focus on going deep into a 
few events for which there was adequate 
information to fully recreate the uncertainties 
of the situation and to create empathy for the 
emotional experiences of the commander. 

Sumida “On Clauswitz”24
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The goal is not to isolate the objective facts 
from the subjective experience, but rather 
to link the objective with the subjective in 
order to simulate an authentic experience of 
the complex situation faced by the genius or 
expert.

This constructed truth, moreover, was a 
thing that had to be felt as much as thought 
- it was addressed to the subconscious 
as well as conscious mind. The goal of 
intensive engagement through study and 
reflection with a combination of fact and 
surmise, in other words, was not erudition, 
but the experience of replicating certain 
aspects of actual experience.22

It seems that the lessons that Clauswitz was 
seeking from history are exactly the kind of 
lessons that Klein was seeking in his critical 
incident interviews with domain experts. 
The goal was to discover the deeper aspects 

of experience that are not easily captured 
in objective descriptions of events.  These 
deeper aspects of experience that include 
morality, uncertainty, and emotion are not 
easily captured in abstract bullet points and 
they are often trivialized in causal narratives 
constructed from the perspective of hindsight. 

Clauswitz seems to be suggesting 
that capturing this deeper insight requires 
a kind of reliving or simulation of the 
experience. This is true for both the person 
who experienced the original event and for 
others who hope to learn vicariously from 
the successes and failures of others. Thus, 
Clauswitz was very skeptical of normative 
models as standards for decision-making, 
preferring the example of experienced, 
successful people. He writes, that what 
“genius does is the best rule, and that theory 
can do no better than show how and why 
this should be the case.”23

Designing Experiences

When the problem of improving the design of 
‘cognitive systems’ is framed in the context of 
the triadic semiotic system (Figure 15.4) or in 
terms of an adaptive control system (15.2) a 
guiding assumption is that the internal logic 
will tend to naturally converge onto robust, 
common sense solutions to complex problems, 
given sufficient experience. In other words, 
it is assumed that given time, the semiotic 
system will learn to manage the complexity 
- it will gradually select the skills, rules, and 
knowledge that are necessary for success. 

There are two important qualifications, 
suggesting ways that these systems can fail. 

The first is that learning takes time and in 
high risk environments adaptive systems 
may not survive long enough to develop the 
expertise needed for robust performance. For 
example, in World War I more pilots were 
killed learning to fly the Sopwith Camel 
aircraft, than were killed in combat.  

Additionally, for very complex 
domains, it might take a very long time to 
reach expertise. A heuristic from the expertise 
literature is that it takes about 10 years of 
deliberate practice to reach top performance 
levels in domains like competitive chess. So, 
one important factor for developing effective 
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cognitive systems is to make sure that the 
system has the time needed to learn the 
appropriate skills, rules, and knowledge. 

The second qualification is that these 
types of systems will become unstable and 
fail catastrophically if the gains are too 
high, as we saw in previous chapters. The 
implication is that these systems should have 
a somewhat conservative bias. That is, there 
should be a relatively strong tendency to stay 
with things that have worked in the past. 
This reflects a common saying in aviation: 
“There are bold pilots and old pilots, but 
there are no old, bold pilots.”

Another facet of the story of the Wright 
brothers’ success in discovering the keys 
to flight is the way they managed risk. The 
choice of the sand dunes at Kitty Hawk 
was partly motivated by the fact that the 
relatively soft sand reduced the danger 
of crashes. In the beginning, the brothers 
avoided flying together - so that if one died 
in an accident, the other would be able to 

carry the work forward. For the brothers’ 
spreadsheet computations (i.e., analysis) 
were important for discovering the correct lift 
coefficients. However, an equally important 
aspect of success was their appreciation of 
the uncertainties and dangers associated 
with flight, and their wisdom in managing 
the associated risks.25

Thus, in more colloquial terms a 
high gain  reflects a tendency for people to 
overreach their skill level. That is, to take 
on risks and challenges that they are not 
ready for. It is said, that one of the important 
aspects of developing high level boxers 
(fighters) is to make sure that they don’t 
face competitors that are too strong early in 
their career. The ideal is to have them face 
gradually increasing competition, so that 
they learn from each bout without suffering 
a bad defeat along the way.  

Another important implication of the 
fact that the tuning of the adaptive system 
happens over time is that an important 

EIDAH SRK

Signals
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AFFORDING SPECIFYING SATISFYING

Figure 15.4 Figure 15.4. This figure illustrates three perspectives on the triadic semiotic dynamic. The 
Abstraction Hierarchy (AH) emphasizes the possibilities (i.e., affordances) relative to the 
functional goals (i.e., satisfying). The SRK Model emphasizes the goals and strategies (i.e., 
satisfying) relative to different forms of representation (i.e., specifying). Ecological Interface  
Design (EID) considers alternative forms of representation (i.e., signals, signs, and symbols) 
relative to both the possibilities (i.e., affordances) and the functional goals and strategies (i.e., 
satisfying). 
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attribute that can be necessary for achieving 
expertise in complex domains is persistence. 
Mistakes can be an important source of 
information that will guide the tuning 
process. Achieving expertise will typically 
require that the system persist in spite of 
mistakes and errors. In some domains, 
failures are necessary stepping stones along 
the path to genius. Thus, a key to persistence 
might include managing the emotional and 
motivational impact of these mistakes, as 
well as the skills, rules, and knowledge. 

Failure was also an important facet 
of the Wright brothers’ story. Their ability 
to persist despite significant failures and 
discouragement was another important 
factor in their success.

A final thing to appreciate as you 
consider the implications of the triadic 
semiotic perspective for improving 
performance is that the target for your 
designs will often be complex, open systems, 
where no single algorithm or procedure 
will consistently produce satisfying results. 
The goal of designing systems to cope with 
complexity cannot be to constrain the system 
to follow a single, predetermined ‘best 
way.’ But rather, the goal will be to prepare 
the system to muddle through to satisfying 
solutions to ill-defined problems that are 
impossible to fully anticipate in foresight.

From the perspective of designing 
sociotechnical systems that are effective, 
robust adaptive control systems, two 
important ways that the cognitive 
performance can be enhanced are through 
training and interface design. Let’s briefly 
consider these two means for tuning the 
semiotic dynamic from the perspective of 
Rasmussen’s Cognitive System Engineering 
framework. 

Figure 15.4 shows the three components 
of Rasmussen’s framework as different 
perspectives on the semiotic dynamic. The 
Abstraction Hierarchy examines the semiotic 
triad from the perspective of the possibilities 
offered by the environment - the affordances. 
The SRK Model or Decision Ladder examines 
the semiotic triad from the perspective of 
the strategies and heuristics that experts 
might use to satisfy their functional goals. 
The construct of Ecological Interface Design 
(EID) examines the semiotic triad from the 
perspective of alternative representations 
for specifying the affordances relative to the 
functional goals that need to be satisfied. 

Ecological perspectives on both 
training  and interface design have tended 
to emphasize perceptual, rather than logical 
aspects of cognitive performance. Focus 
has been on the education of attention, 
rather than on fixing aspects of rationality. 
There is an implicit assumption that if the 
system is picking-up the right information 
relative to the affordances and the values 
(satisficing), then the system will naturally 
converge on the most effective skills, rules, 
and knowledge. In essence, the emphasis 
is on helping people to ‘see’ better, rather 
than helping them to ‘think’ better. But in 
fact, in the closed-loop dynamic ‘seeing’ and 
‘thinking’ are best treated as integral rather 
than separate processes.

Figure 15.2 illustrates the semiotic 
dynamic as an observer/control system. 
In this context, a useful simplification is to 
relate the observer function to the system’s 
ability to discriminate signal (meaning) from 
noise (d-prime), and to relate the control 
function to the response criterion (Beta), as 
illustrated in Figure 15.3. With this heuristic 
simplification, the design problem can be 
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framed in terms of improving control/
decision and improving observation.
Hopefully, it is becoming clear that the 
quality of control in a closed-loop system can 
be significantly constrained by the quality 
of information. This includes information 
about values and it includes feedback (i.e., 
information about the current situation) 
and prediction (i.e., information about the 
future). 

The d-prime parameter in Figure 15.3 is 
used to represent the quality of the observer 
process - the ability to estimate current and 
future states of the system. This reflects the 
perceptual tuning or the perspicacity of 
the system. The Beta parameter is used to 
represent the control or decision process. 
That is, it reflects the criterion for choosing 
one action or another (e.g., pursuing the 
Common or Worse Thing).

Note that whereas shifts in the Beta 
parameter result in trading-off one source 
of error (e.g., misses) for another (e.g., false 
alarms), changes in d-prime can reduce 
both misses and false alarms. That is, a 
design change that increases the ability 
of a physician to discriminate between a 
Worse Thing and a Common Thing, will 
make it easier to detect Worse Things AND 
will reduce the number of resources spent 
looking for the Worse Thing when the patient 
has the Common Thing. So, improvements in 
the observer process can have high potential 
payoffs, independent of the particular control 
strategy (i.e., the Beta).  In this sense, Beta 
reflects an EITHER-OR choice. But d-prime 
can lead to a BOTH-AND solution.

Improving Control

Improving control involves choosing 
the right Beta for a given d-prime. This will 

generally involve trading-off one source 
of error for another to yield a generally  
satisfactory result. Using the ED example, 
shifting the Beta one direction will increase 
the number of Worse Things detected (hits), 
but this will be at the expense of more 
resources expended on Common Things 
(false alarms). Or conversely, shifting the 
Beta in the other direction will reduce the 
amount of resources expended on Common 
Things, at the cost of sometimes missing a 
Worse Thing. 

The optimal control problem involves 
setting the Beta to get the best ‘payoff,’ 
where the payoff reflects some value system. 
In situations where the values are constant 
and quantifiable, then it may be possible to 
identify an ‘optimal’ control strategy that 
might be coded into an automatic control 
system. However, in a context like the ED, 
where values may be difficult to quantify 
and may change as a function of context, it 
is unlikely that any automatic control system 
would be able to achieve the same levels of 
satisfaction that is generally achieved by 
human experts.

Thus, with respect to the control 
problem, one important role of design can 
be to support the negotiation process that 
determines the values in the payoff matrix. 
This involves facilitating communications 
across levels within the sociotechnical system. 
For example, helping the physicians to get 
a better sense of the economic constraints 
associated with hospital resources. And 
helping the hospital administrators to get 
a  better sense of the uncertainties and risks 
that the physician is facing in the ED.  

One of the critical sources of 
difficulties with respect to sensemaking 
within complex sociotechnical systems, 
such as the healthcare system, is the fact 
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that different values are salient at different 
levels within the system. The  hospital CFO 
is struggling with balancing the  financial 
spreadsheets, while the ED physician is 
struggling with people and families who 
are in pain. Thus, a Beta that is satisfactory 
with respect to the values that are salient 
at one level may be very unsatisfactory 
with respect to the values that are salient at 
another level. 

In this context, a solution that is 
optimal at any one level may be catastrophic 
at another level. For example, optimizing 
around patient care to minimize missed 
Worse Cases may lead to financial collapse 
of the hospital. Thus, satisficing across 
levels may be the only viable solution. In 
these complex systems, satisficing is likely 
to reflect a dynamic equilibrium that varies 
continuously as a result of negotiations 
across levels. In this context, the counter 
arguments at the different levels provide 
the ‘friction’26 that keeps the system from 
becoming unstable as a result of chasing any 
particular unattainable ‘optimum.’ 

For example, a physician who is 
always looking for Worse Things, will 
get ‘friction’ or push back from hospital 
administrators or other colleagues who 
must shoulder the expense or the additional 
workload of doing many extra tests and 
procedures. On the other hand, a hospital 
that misses too many Worse Things may 
get ‘friction’ or push back from the larger 
community in terms of law suits or increase 
regulatory scrutiny. 

Thus, from the perspective of the 
control problem, a focus of design should 
be to facilitate the negotiations across levels 
in the sociotechnical system. By facilitating 
communications across levels within the 
system it is possible to have a system that is 

‘smarter’ than any of its components. That 
is, a system that stays within satisfactory 
bounds. The criterion is not perfect, or zero 
error. The criterion is stability over time - in 
other words, ‘survival’ (e.g., stability, anti-
fragility, resilience, robustness).

The key point is that the quality of 
control strategies can only be assessed 
relative to a payoff matrix/cost function (i.e., 
a value system). One goal of a good design 
is to ensure that the functional values are 
communicated clearly. A fundamental design 
hypothesis is that if the values are clearly 
specified, then smart humans can generally 
be trusted to eventually adjust their behavior 
to achieve satisfactory performance relative 
to those values (e.g., discover the optimal 
beta). 

Thus, the problem in most complex 
systems is not the control ‘logic’ (i.e., flawed 
rationality). Rather, the problem is that 
the values are not clearly specified. In very 
complex domains, specifying the values may 
be extremely difficult due to the fact that the 
value space has high dimensionality (i.e., 
multiple goals), that the dimensions may not 
be stationary (e.g., moving targets), and the 
dimensions may not be commensurate (e.g., 
involve different units of measurement). In 
these cases, a design goal should be to help 
make the values explicit and to facilitate the 
on-going debate about these values.

Improving Observation

With respect to improving observation, 
the design challenge is to provide the best 
information possible about the current and 
future states of the process. Woods framed 
this as the representation design problem, and 
Rasmussen and Vicente framed this problem 
as the problem of Ecological Interface Design28. 
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A first step to addressing this challenge is 
to determine what the information needs 
are (i.e., what is the best information?). In 
the triadic semiotic dynamic this requires 
consideration of both the situation dynamics 
(e.g., what are the affordances? how do the 
processes work? what are the preconditions 
and consequences of actions?) and the 
awareness dynamics (e.g., what are the 
intentions, skills, rules, and knowledge 
available to the operators?).

With respect to the design of 
representations it is critical to appreciate a 
distinction between ‘data’ and ‘information.’ 
In the formal sense, information reflects 
not simply the ‘value’  of a variable (e.g., a 
quantitative measurement), but the value 
relative to the possible intentions or relative 
to the constraints on the source of the 
information (i.e., the meaning). For example, 
the speed of an aircraft is a piece of data. 
However, the aircraft’s speed relative to a 
normal cruise speed, a stall boundary (i.e., 
the speed necessary to keep the aircraft 
from losing lift),  a maximum relative to 
the integrity of aircraft structures (e.g., 
above which damaging the wings is likely), 
or relative to a prescribed arrival time at a 
particular destination is information. 

Similarly, medical information such 
as temperature, blood pressure, cholesterol 
levels, cardiac rhythms are only information 
when seen relative to constraints (e.g., 
population norms or patients’ recent past 
history).29 Unfortunately, this has not been 
well recognized in the design of most 
modern healthcare information technologies 
(HIT). Too often, these technologies are 
designed around spreadsheets of data, 
with very little effort to help physicians to 
‘see’ the constraints associated with health. 
There is genuine concern that by focusing 

on convenient ways to manage data, the HIT 
designs have made access to information 
much more difficult for physicians - thus, 
undermining the physician’s ability to 
judge the state of the patient’s health or to 
anticipate changes in that state.30 In essence, 
the HIT systems have been designed to meet 
the needs of Voltaire’s Bastards, but not to 
meet the needs of the ED physician. 

The key to effective observer 
performance is to understand how the 
feedback in terms of signals, signs, and 
symbols specifies the actions that will best 
satisfy the functional objectives. To do this 
it is necessary to consider the sources of 
the values and affordances (e.g., using the 
Abstraction Hierarchy) and to consider the 
skills, rules, and knowledge of the agents 
(including people and algorithms) that will 
be making the decisions and selecting the 
actions.

Thus, an important goal for design is to 
construct representations that help to specify 
smart actions with respect to the functional 
objectives of the work domain. This can be 
done through training (i.e., constructing 
internal representations) and through interface 
design (i.e., constructing displays) that make 
the functionally significant relations salient.

Training

Most everyone has had the experience 
of entering a new field of endeavor (e.g., 
beginning driving, learning a new sport, 
learning a new video game) and experiencing 
a buzzing, booming confusion that, at first 
seems impossible to grasp. However, after 
extensive experience, the confusion begins 
to make sense, and eventually they are able 
to master the confusion and, in fact, it may 
eventually be difficult for them to understand 
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how anyone could be confused - it now seems 
to be a simple matter of common sense. 

A fundamental goal of training is to 
expose people to a series of experiences 
(e.g., exemplars) that get them from the 
naive confused state (e.g, an undifferentiated 
neural network) to the mastery state (e.g., 
a well tuned neural net) as efficiently as 
possible. And the fundamental question 
will be, what training experiences (e.g., 
what exemplars) will be most beneficial or 
meaningful.

Within the training literature, 
many different aspects (e.g., fidelity) and 
techniques (e.g., whole-task, part-task, 
backward chaining, etc.) for training are 
discussed. In fact, the literature tends to be 
organized around techniques (e.g., part vs. 
whole task) to determine which is best.31 
However, the answer almost always turns 
out to be that - “It depends.” This suggests 
that all the techniques can be used effectively 

in some contexts. Thus, the important 
question for designing training systems is - 
What does it depend on?”

Figure 15.5 suggests that two 
important dimensions to consider when 
designing training systems are the domain 
fidelity and the degree of challenge or 
cognitive manageability of the experience. 
As illustrated in Figure 15.5 there is typically 
a sweet spot, such that experiences that are 
both high in fidelity and at an intermediate 
level of challenge will typically provide 
the highest levels of positive transfer. That 
is, the experiences in training will help to 
‘tune’ the abduction system in ways that 
will lead to improved performance in the 
target domain.

The dimension of domain fidelity 
focuses on the degree to which the training 
experiences are representative of experiences 
in the target domain. One aspect of this 
involves the fidelity of the devices used 
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due to mismatch 
with the target 
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motivation limits.

High positive 
transfer.

Low transfer due 
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motivation limits.
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Figure 15.5 Figure 15.5. This figure illustrates two dimensions to consider in the design of training 
systems. Domain Fidelity reflects the degree to which the training experience is representative 
or authentic relative to the target domain. The Cognitive Manageability dimension reflects 
the degree of challenge or difficulty with respect to the capabilities of the trainees. 



334

in training. For example, in the aviation 
domain there has been much discussion of 
the extent to which the dynamic response of 
flight simulators (e.g., the flight equations) 
are equivalent to the dynamics of the actual 
aircraft. This is important, but domain fidelity 
is a much broader concern. In addition to the 
devices, domain fidelity considers whether 
the situations or problems faced in the 
training context are similar to the situations 
or problems faced in the actual domain. 

However, high domain fidelity does 
not necessarily mean that every aspect of the 
target domain be involved in each training 
experience. For example, in order to satisfy 
the Cognitive Manageability dimension in 
Figure 15.5 it may be beneficial to reduce a 
complex domain into components that are 
better scaled to a trainees’ current ability 
levels. In parsing the domain into part 
tasks, there will be parsings that preserve 
meaningful domain relations and parsings 
that break these relations. The key to 
achieving high domain fidelity is to use 
parsings that preserve relations that are 
meaningful to domain success.

The Abstraction Hierarchy analysis can 
be very useful in making decisions about 
how to parse work domains into meaningful 
training experiences. Each level within the 
hierarchy suggests different dimensions 
for partitioning the work (e.g., goals/
values; functional constraints/affordances; 
organizational components; component 
physical systems). Relations across levels in 
the abstraction hierarchy suggest important 
aspects of meaning that may be important to 
preserve in the training experience. 

In addition to the Abstraction Hierarchy 
a consideration of the skills, rules/heuristics, 
and knowledge that domain experts employ 
can provide important insight into how 

to partition the work in meaningful ways. 
However, direct presentation or description 
of the skills, rules/heuristics, and knowledge 
to novices will rarely be effective. A 
fundamental goal of training abduction 
systems should be to create experiences 
that allow the trainees to discover the skills, 
rules/heuristics, and knowledge through 
active engagement with problems. 

For example, rather than telling people 
the ‘moral’ or ‘rule’ as a bullet point, telling 
a story, and allowing the trainees to discover 
the moral in the context of the story will 
generally be more effective. 

The key consideration with regards 
to Domain Fidelity is that once again 
“Context Matters!” In general, the goal is 
that meaningful dimensions of the target 
domain be well represented within the 
training experience - understanding the 
limitation that in complex domains it will not 
be either feasible nor desirable to cram all the 
meanings into any single training experience.

 Figure 15.5 suggests that there is an 
optimal level of challenge with respect to 
Cognitive Manageability. If the challenge 
is too great, then the trainee will be 
overwhelmed with the complexity and 
will have difficulty discriminating signal 
(meaning) from noise. This will often lead 
to disappointing outcomes for the trainees 
and may undermine their determination to 
persist long enough for the training to have 
a positive impact on performance. If the 
challenge is too low, then the trainee may get 
little benefit beyond what skills, rules, and 
knowledge they already have. And here too, 
determination to persist may be undermined 
due to boredom or lack of engagement. 

In sum, the key to effective training 
interventions will be to have experiences that 
are authentic with respect to the work domain 
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and that are challenging enough to stretch 
trainees beyond their current capabilities, 
but not so far that they are overwhelmed. In 
simple terms, training should be designed 
so that people are making mistakes that they 
can learn from. If there are no mistakes - then 
the challenge is too low. If the mistakes are 
large and catastrophic - then the feedback 
may not be informative with respect to 
educating attention and may undermine the 
persistence that is necessary for mastery.

Interface Design

As illustrated in Figure 15.2 the 
interface representation is an important 
component of the observer function. The 
design of the interface will determine what 
feedback is salient - what is figure and 
what is ground. In terms of Figure 15.3 the 
objective is to increase the d-prime - to 
improve the ability to discriminate signal 
from noise. This will have a major impact 
on the evidence that guides both action and 
learning (e.g., the adjustment of the internal 
associative weights).

Here the distinction between data and 
information becomes very important. In 
many instances, maximizing information 
will be achieved by reducing the amount of 
data in the interface. It has been rumored that 
a major function of the interface designers at 
Google is to make sure that nothing other 
than the title and entry box is displayed on 
the opening screen. The result is that the 
primary function of search is made salient - 
there is nothing to distract from this function. 

A major misconception influencing 
many designs is that adding ‘data’ to 
the interface is equivalent to increasing 
information. This is patently false. Whether 
an additional piece of data increases the 

discriminability of the signal from the noise 
(i.e., reduces uncertainty) will depend on 
its relation to the other data. For example, 
consider that each data element may be a 
function of both signal and noise. Depending 
on whether the noise is independent or 
correlated averaging these two pieces of data 
may either strengthen the signal or reinforce 
the noise (increase the bias). It is for this 
reason that decisions based on a single piece 
of highly diagnostic evidence may actually 
be better than a decision that is based on an 
integration of all the available evidence, as 
suggested by the work of Gigerenzer on One 
Shot decision making.32

Thus, the design of an interface 
representation is analogous to tuning a 
filter to discriminate signal from noise. The 
representation will determine what signals 
will be picked up. Of course, a fundamental 
question that must be addressed in designing 
this filter is: What are the properties that 
distinguish the signal from the noise?

Again, Rasmussen’s Abstraction 
Hierarchy and SRK model were developed 
explicitly to help address this question. The 
Abstraction Hierarchy focuses on the signal 
source - to determine what are the important 
distinctions relative to the constraints 
relating the ends (i.e. functional values) to 
the means (i.e., affordances). An important 
implication of the Abstraction Hierarchy is 
that meaning may involve many dimensions 
and levels of abstraction and different 
distinctions may be meaningful at different 
levels of abstraction. 

When meaning is a function of layers 
of abstraction and multiple dimensions, 
making the signal salient will often 
depend on the organization of the data (or 
chunking). Good organization of the data 
can make meaningful relations among the 
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different dimensions salient as patterns in 
the representation.33

The SRK Model focuses on the receiver 
to identify the important distinctions relative 
to the capabilities and expectations of the 
humans. For example, it is important to 
understand how people will naturally parse 
a representation in terms of foreground and 
background. What are people looking for or 
what aspects of a representation will attract 
attention?

In building interfaces, it has been found 
that analogical representations have been 
particularly useful for linking constraints 
associated with physical laws (e.g., 
thermodynamics or aerodynamics) to human 
skills and rules. Geometric relations on the 
interface are typically used to reflect lawful 
interactions  (constraints) among multiple 
physical state variables and motion typically 
reflects change over time. These types of 
representations allow people to transfer 
skills developed through common physical 
experiences (e.g., moving and manipulating 
physical objects) to managing more abstract 
or complex processes (e.g., keeping a 
thermodynamic process within safe limits). 

Metaphorical representations have also 
been found to be useful in helping people 
to map skills, rules, and knowledge from 
familiar domains (e.g., managing files in 
your office) to less familiar domains (e.g., 
managing data structures in a computer). The 
key in using both analog and metaphorical 
representations is to make the meaningful 
distinctions as explicit as possible so that 
they guide both action and learning. 

Emotion and Design

Remember Don Norman’s claim that 
“Beautiful things work better.” What is the 

role of beauty in enhancing performance 
of cognitive systems? Certainly, industrial 
designers have embraced social and 
emotional components as significant factors 
that impact the quality of consumer products 
(e.g., the iPhone). But in the design of safety 
critical systems such as commercial aviation 
systems or process control plants, should we 
be concerned about the operators’ emotions? 
Should the pilots’ or plant operators’ 
happiness be a design consideration?

In Damasio’s35 work with people with 
brain injuries similar to that of Phineas Gage, 
he found that many of these people had a 
very hard time coping with life (e.g. keeping 
a job, or maintaining family relations). It is 
interesting that these people did not show any 
deficits with respect to IQ tests or most other 
classical tests of cognitive ability.  This led 
Damasio to conclude that the difficulties were 
not associated with ‘thinking’ in the classical 
sense (e.g., cold, objective, logical reasoning). 
Rather, Damasio hypothesized that the deficits 
were a function of an inability to coordinate 
logical and emotional processes. 

The implication of Damasio’s work is 
that emotions may play a very important role 
in the dynamics of the abduction process (i.e., 
the adaptive observer/control system). There 
are at least fourth aspects of the processes 
illustrated in Figure 15.2 where emotions 
may play a critical role. 

First, the values and goals that provide 
the references for evaluating feedback are 
not simply ‘intentions’ in the mind of a 
single individual. Rather these are properties 
that emerge due to interactions within the 
larger sociotechnical system. For example, 
the values that shape performance in the 
ED are influenced by cultural factors (e.g., 
sacredness of life); professional factors (e.g., 
ethical standards, credentialing); political 
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factors (e.g., legal standards); economic 
factors (e.g., healthcare financing), and local 
social factors (e.g., the expectations of co-
workers) to name just a few. This means 
that social intelligence and the emotional 
components of this (e.g., empathy, humility, 
integrity) will play an important role in 
determining how well the system is tuned to 
the ‘intentional constraints’ that emerge from 
the socio-cultural context. 

Damasio also suggests that emotions 
may function as a kind of ‘common 
currency’ that allows us to compare or 
trade-off dimensions of values that are 
otherwise incommensurate. For example, 
“gut feelings” may be the thing that allows a 
medical professional to trade-off the  health 
risk to a patient versus the financial costs of a 
particular diagnostic or treatment. 

A second way that emotions will 
influence the muddling dynamic of the 
abduction process is that emotions will 
have an important impact on the salience of 
information. Damasio’s hypothesis that the 
strong emotions ‘mark’ the consequences or 
situations associated with them suggests that 
emotions are a strong influence on what will 
be figure and ground with respect to internal 
representations. 

For example, it is expected that a missed 
Worse Thing that has tragic consequences 
(e.g., the unexpected death of a young 
person) will have a strong emotional impact - 
and thus, will have a marked impact on how 
evidence is weighted in the future. In essence, 
strong emotions help to ensure that people 
do not repeat errors that are associated with 
costly negative consequences, and strong 
positive emotions may reinforce actions that 
lead to success. 

A third way that emotions may play 
an important role in performance of the 

muddling dynamic is that they may be the 
criterion for triggering action. One of the 
observations that Damasio makes about his 
patients is that they can sometimes deliberate 
endlessly over even trivial decisions. They 
don’t seem to have a well tuned stopping rule 
for transitioning from observing (analyzing 
the problem) to controlling (initiating action). 

A final aspect of emotions that may 
be critical for muddling performance is the 
emotional engagement that a person has with 
the work domain. In essence, the hypothesis 
is that people who love or care about the 
work are more likely to put in the time and 
effort that it takes to ‘tune’ the system to 
the complexities of the domain. In the early 
stages of professional development people 
will get knocked down (i.e., will experience 
failures). Those who don’t love their work 
eventually stop getting up and start looking 
for another domain that is more satisfying. 

In sum, Damasio’s work provides 
strong grounds for hypothesizing that 
‘beauty’ is not just important for consumer 
products. Beautiful things will work 
better - because people will persevere and 
learn what it takes to make them work. 
Classically, emotions have been consider 
to be noise with respect to cognitive work. 
However, it seems clear that emotion can 
be an important factor shaping the salience 
of information and the persistence of 
people and thereby impacting whether the 
muddling process converges on skills, rules, 
and knowledge that will lead to generally 
satisfying performance.

The emotional satisfaction of the 
people in a system may be a very important 
metric for assessing the quality of a design. 
For example, if technology interventions 
in healthcare and aviation begin to have 
adverse impact on the happiness, pride, 
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sense of satisfaction of the physicians and 
pilots, then this may be an indication that 

the technology is undermining stability (e.g., 
safety), rather than making things better. 

Conclusions

This chapter considers the standards or 
norms of rationality and the implications 
for designing systems that can effectively 
deal with the ambiguities and irreducible 
uncertainties of complex work, such as 
in emergency medicine. The thesis is 
aligned with Lindlum’s observations about 
muddling. The conventional view has been 
to ‘fix’ or ‘tame’ the muddling process, 
so that it conforms with formal logical or 
mathematical models. An implication of this 
is that we need better ‘spreadsheets’ to aide 
the thinking process. 

The alternative view that Lindblum 
advocated was that we need to get better 
at muddling. This means that we need to 
facilitate the learning or adaptation process 
so that the closed-loop observer/control 
process converges onto smart solutions. The 
design implication is that we need better 
representations (e.g., interfaces). Here the 
emphasis is on making sure that the right 
things are going into the spreadsheet. 
Making sure that the spreadsheets conform 
with the pragmatic demands of the situations 
and with the values of the people at all levels 
within the sociotechnical system. 

In line with Clauswitz’s  commentary 
with respect to the role of ‘genius’ in military 
systems, this view suggests that the best 
benchmark for assessing the quality of 
performance are the systems that have 
endured over time. We should look to the 

people who have had enduring success in a 
domain as the standards for quality, rather 
than to logical or mathematical abstractions. 

Following from the Sophists, this 
suggests that the ‘good man/woman’ (arete) 
is the highest standard of quality. In this 
sense, good reflects both virtue and skill. It 
reflects a system that is tuned emotionally, 
socially, and cognitively to the situation - 
so that it is possible to judge both the ends 
(why? goals/values) and the means (how? 
skills, rules, and knowledge) with respect to 
surviving in an uncertain world. 

In this view, constructs like bounded 
rationality and satsficing take on new 
connotations. The limiting bounds of 
rationality are framed in terms of experience 
(e.g., transfer of learning) rather than in 
terms of mechanism (e.g., channel capacity). 
Satisficing reflects the fact that robustness 
becomes more valuable than optimality for 
surviving in domains where the demands are 
changing and uncertain. 

With respect to design, this suggests 
that it is important to frame the problem in 
ways that recognize the need to coordinate 
cognitive, social, and emotional skills in order 
to facilitate learning. There is no easy path to 
genius - it takes a long history of learning and 
overcoming the mistakes and errors that are 
inevitable in any complex domain. 

Finally, although the discussion in this 
chapter has been very critical of rationality 
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based exclusively on ‘spreadsheets’ and/or 
normative analytical models, it is important 
not to lose sight of the important role that 
mathematics and analytical thinking play 
in adaptive systems. Because of the power 
of analytical thinking, today we are able 
to observe or ‘see’ things (e.g., models of 
chaotic systems) and control things and go 
places (e.g., exploring the solar system) that 
were not possible for previous generations. 

Mathematics and normative logic are 
important tools for cognitive systems. These 
tools provide a means to ends that were not 
possible before. However, there remains the 
question of which of these new possibilities 
should we pursue. In the medical context, 
how much resources should be expended 
looking for Worse Things? In a larger 
sociotechnical context we have to wrestle 
with the ultimate value of a life and the 
responsibilities of a government in terms of 
providing access to healthcare.

The key point is that no amount of 
computational power can compensate for 
a lack of wisdom. The mathematical tools 
are somewhat analogous to the engine of an 
automobile. With a more powerful engine the 
car can go faster, further, and climb steeper 
slopes. In some respects this makes the car 
safer (e.g., in merging onto expressways) and 
more reliable. But in other ways it increases 
the potential for catastrophic accidents (e.g., 

high speed collisions). But ultimately, the 
safety of the car will depend on the wisdom 
of the driver. 

No amount of power can compensate 
for a lack of wisdom or driving experience. 
In fact, it is more likely that the opposite is 
true. The more powerful the car, the more 
important it will be to have a driver with 
experience at the wheel. Thus, constructs like 
wisdom and arete reflect an integration of 
power with values. 

The person with arete has the power 
to do things that others cannot, and the 
values to know what things are worth doing. 
This reflects an integration of thinking and 
emotion. An experienced driver is able to 
discern what risks to take and what risks 
to avoid. This is likely the product of many 
mistakes that have helped to calibrate both 
knowledge (e.g., understanding of the car’s 
limitations, ability to anticipate behaviors of 
other drivers) and emotion (e.g., appropriate 
levels of fear, confidence, and humility). 

Thus, the spreadsheets provide 
increasingly more powerful engines for 
cognitive systems. The challenge is to make 
sure that we do not let these engines drive 
us quickly over a cliff. The emotional and 
social constraints associated with muddling 
through may be the necessary friction that 
helps us to keep on the road to success, rather 
than sliding into catastrophe.
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Chapter 16
Closing the Circle

The goal of this final chapter is to summarize 
and emphasize the main points that we 
hoped to communicate with this book. 

1) The first point is a metaphysical 
point about the reality of experience 
or cognitive systems. The key point is 
that experience involves the coupling or 
integration of  mind and matter as a unified 
real semiotic system that can be viewed 
from many valid perspectives, no single 
one of which is privileged. 

2) The second point has to do with the 
nature of the dynamics of experience. 
The claim is that the dynamics of experience 
are inherently circular. Thus, it is very 
important for those interested in achieving 
a deeper understanding of experience to 

develop intuitions consistent with theories 
of closed-loop systems (e.g., control theory, 
observer theory, self-organizing systems 
theory).

3) The third point has to do with the nature 
of rationality. The claim is that rationality 
involves a muddling through process 
that can only be evaluated pragmatically. 
Does it eventually converge on stable, 
satisfying solutions? Does it survive?

4) The final point has to do with the 
implications for design. The claim is that 
humans are uniquely capable of muddling 
through complex problems. Thus, the 
ultimate goal of design should be to 
engage humans more effectively in order to 
facilitate better muddling. 
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Metaphysics

The claim that ‘experience’ is the 
fundamental grounds for reality is very 
difficult for many people, particularly in 
Western cultures, to grasp. This is partly 
because they instinctively assume experience 
to be mental and don’t fully appreciate the 
role of the ecological niche or context in 
shaping experience. Thus, for many people in 
the West it is difficult to discriminate Radical 
Empiricism (i.e., James’ claim that experience 
is the basis for reality) from Idealism or 
Mentalism. 

A common challenge from skeptics is 
the “Tree Problem.” It goes like this. “So, if 
my experience of the tree is reality, and I die 
(or if all humans die), you are saying that the 
tree will no longer exist.” 

Of course, this is NOT what we are 
saying. But what we are saying is that if 
there were no humans then the reality of 
trees will be different, than when there are 
humans. If there are no humans, then all the 
affordances that are unique to humans (e.g., 
refining lumber for building purposes) will 
also disappear. The tree’s existence does not 
depend on humans, but the tree’s reality 
does! A tree in a world without humans 
exists in a different reality than a tree in a 
world with humans. Similarly, a human in 
a world without trees, exists in a different 
reality than one in a world with trees. 

The key point is that the relations 
between humans and trees are real. And these 
relations exist in a single reality that includes 
both subjective and objective dimensions of 
experience. 

Similarly, the same can be said for 
the relations between birds and trees; and 
squirrels and trees; etc. Some experiences of 

trees may be different for different animals, 
because the semiotic elements of affording, 
specifying, and satisfying are different. 
However, the experience of birds is not 
less real than the experience of humans. 
Different humans may experience trees 
differently. A lumberjack might focus on 
one set of affordances, while a child playing 
in the forest might focus on another set 
of affordances. The experiences may be 
different, but one experience is not less real 
than the others.  

The ontological claim is that all the 
different experiences are part of a unified 
reality. The tree doesn’t exist in one reality, 
while a person’s idea of a tree exists in 
another reality. 

This ontological position leads to a 
pluralistic epistemology, that suggests that 
there are many valid ways of knowing a tree! 
To know the tree through the experiences 
of a human is different than to know the 
tree through the experiences of a bird. But 
neither experience is privileged with respect 
to reality. Similarly, to know the tree through 
the experiences of a scientist or biologist is 
different than knowing the tree through the 
experiences of a child playing in the forest. 
But neither is less real. 

The graspability of a limb or the 
climb-ability of a tree is not less real 
than its molecular structure. The reality 
of graspability or climb-ability reflects 
properties of both the child and the tree, 
while the molecular structure reflects 
properties that are important to the biologist, 
chemist, or paper manufacturer. While 
classical science has tended to search for 
attributes that are observer-independent, 
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observations at the quantum level   suggest 
that this search may be futile (e.g., remember 
Wheeler’s surprise version of the 20 
Questions Game). Regardless of the goals 
for the physical sciences, it is essential that 
a cognitive science expands the focus to 
include the  reality of observer-dependent 
properties. 

The practical implication of this for both 
a basic and an applied science of cognition is 
that the fundamental unit of analysis must 
span mind and matter. This is reflected in the 
triadic semiotic model (Figure 16.1). Breaking 
the triad into elements or into dyads destroys 
the relations that constitute experience 
(e.g., cognition).  The claim is that breaking 
this triad changes the reality, eliminating 
the relations that are fundamental to the 
phenomenon of cognition. The claim is that 
the pieces, while perhaps interesting in their 
own right, will not add up to a complete 
understanding of cognition. You won’t find 
graspability or climb-ability  in the molecular 
structure of the tree or in the biology/
physiology of the child. 

The image in Figure 16.1 is a variation 
on our earlier representations of the triadic 
semiotic dynamic. As you can see, we are 
still exploring alternative ways to represent 
this. In Figure 16.1 rather than associating 
affording, specifying, and satisfying with 
objects within the representation, we 
suggest that it might be better to consider 
these as three different perspectives on the 
total triadic dynamic. We have faded the 
objects in the image in order to emphasize 
that it is the ‘dynamic relations’ that we 
want to focus on.

The labels in the objects in Figure 16.1 
are intended to make the mapping to Peirce’s 
triadic semiotics (i.e., referent/object, 
representamen/specifier, interpretent/

specified) and to Wiener’s Cybernetics 
(process, comparator, control/observer logic) 
explicit. 

Thus, the critical ontological point 
is that the elements that make up the 
semiotic/cybernetic system are all essential 
components of a cognitive system. To 
dissect any of these components from the 
field of observation is to destroy or kill the 
phenomenon of cognition or experience. 

In contrast to some contemporary 
trends associated with neuroscience or 
brain science, the claim is that cognition/
experience does not happen in brains. It 
happens in the functional interactions 
involved in coping with the complexities of 
day-to-day living (and working). Certainly, 
the brain is an important component of the 
dynamic of experience, but an exclusive 
focus on the brain biology/physiology 
will never add up to an understanding of 
experience. However, a brain science framed 
in the context of the triadic semiotic dynamic 
will be better positioned to ask smart 
questions and to parse the complexities of 
brain biology/physiology in ways that might 
illuminate the larger whole of experience. 

The triadic perspective has important 
theoretical and methodological implications. 
While the contrast with some contemporary 
neuroscience trends may seem to be anti-
reductionist, the point is more subtle than 
that. Reductionism will always be essential 
to scientific reasoning. The point is that 
some reductions, (some ways of parsing the 
phenomenon) will be useful (will add up), 
and other ways of parsing the problem will 
destroy the phenomenon of interest. 

We suggest that the partitioning in 
terms of  affording, specifying, and satisfying 
and the associated methodological frames 
reflected in the abstraction hierarchy, 
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ecological interface design, and the SRK-
model provide promising directions for 
further exploration. 

The motivating concern is that theories 
and methodological approaches that are 
predicated on separating Mind and Matter will 
never add up to a satisfying understanding 
of What Matters. Ultimately, we are not 

making a claim about an absolutely RIGHT 
perspective, but rather for one NECESSARY 
perspective with respect to cognitive science 
and experience design. We allow that this 
perspective may not be sufficient. But we 
claim that our understanding of cognition 
and experience cannot be complete if this 
perspective is not considered. 

Circular Dynamics

A salient feature of the triadic system 
illustrated in Figure 16.1 is the circular 
couplings among the components. This 
reflects an abduction, learning, or adaptive 

process where the consequences of action 
feed back as information. This circular flow 
of information means that actions both 
shape consequences and are shaped by 

Figure 16.1 This figure shows affording, specifying, and satisfying as three overlapping perspectives on 
the dynamics of the semiotic triad. The objects are faded to emphasize that the dynamics 
(i.e., represented by arrows) are the objects of study. Labels on the objects illustrate the 
isomorphisms with Peirce’s Semiotics and with Wiener’s Cybernetics. 
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consequences. Thus, there is no absolute 
temporal precedence that allows any 
component to be unambiguously isolated as 
either ‘cause’ or ‘effect.’ 

This dynamic is analogous to the 
dynamics of natural selection. Just as it 
would be a mistake to say that either genetic 
variation or ecological forces ‘cause’ the 
speciation of life forms. It would be a mistake 
to say that either  mental or environmental 
forces cause behavior or experience. 
Experience emerges from the interplay 
of the multiple sources of constraints. 
Mental aspects of experience (e.g., beliefs, 
hypotheses, heuristics) are selected or 
reinforced as a function of the degree to 
which they satisfy the functional demands of 
an ecology. Experience emerges as a property 
of the coupling between Mind and Matter. 

Fortunately, there is a growing body of 
theories designed specifically to address the 
dynamics of systems with circular couplings. 
Unfortunately, it is very difficult for most 
people in the social sciences to access the 
literature associated with these theories, 
because few academic programs in the 
social sciences offer either courses associated 
with dynamic systems or the prerequisites 
required for the courses offered in other 
disciplines. 

We first learned about the dynamics 
of circular systems through early exposure 
to control theory and observer theory, in 
the context of the design of engineering 
control systems. However, developments 
in nonlinear dynamics and theories of self-
organization were very important to us for 
expanding the intuitions developed from 
analysis of simple linear systems to more 
complex natural systems.

Although the literature on self-
organization and complexity reveals many 

of the limitations of classical linear systems 
theories for modeling many natural systems, 
our experiences lead us to believe that 
there is great pedagogical value from the 
study of simple linear systems (e.g., control 
systems and observers) that will generalize 
toward insights into the dynamics of more 
complex, natural systems. Thus, we are 
troubled by current tendencies to completely 
dismiss linear control theory in the process 
of embracing non-linear dynamics. We are 
convinced that both linear and non-linear 
dynamics should be basic elements in social 
science curricula. 

When evaluating the performance of 
circular systems it is essential to consider 
alternatives to the conventional concept 
of time, as discrete positions (ticks) on a 
directed line. One important alternative is 
the frequency domain, where time is indexed 
by sine wave patterns. The frequency 
and amplitude of sine waves provides an 
important alternative to ticks on a clock/
metronome, as a means for characterizing 
flow. Whereas, the conventional image 
provides a useful perspective for isolating 
events in time, the sinusoidal image provides 
a useful perspective for isolating relations 
and patterns over time (e.g., synchrony, 
rhythm, melody).  

Again, the point is NOT that one 
representation of time is right, and the the 
other is wrong. Rather, the point is that 
both perspectives are bounded with respect 
to the real complexities of experience. The 
conventional view emphasizes the ‘notes’ 
and the temporal relations within a line of 
music (e.g., precedence), but obscures the 
rhythms and melodies that are cross lines 
of music (e.g., invariance across scales). 
The frequency domain emphasizes the 
melodies and relations across scales, but 
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can obscure the notes and relations within 
scales. By considering both perspectives 
for representing temporal relations, it is 
possible to get a richer understanding than 
is possible from either perspective alone. 
The combination of perspectives makes it 
possible to see the notes in the context of the 
melody and vice versa. 

In addition to the different analytical 
ways of looking at experience in and 
over time, it is important to consider the 
foundational metaphors that shape our 
concepts of time. Figure 16.2 illustrates 
four different ways to conceive of time as 
a function of the direction the observer is 
facing and the element that is moving.1

In Western cultures our construct of 
time  is generally based on the assumption 
that we are facing the future (Quadrants 
B & D). Within this framework, we tend to 
be comfortable with either motion of the 
observer (e.g., we are moving through time) 
or with motion of time (e.g., time is flowing 
past). With this image the past is behind us 
and thus invisible. This leads to a construct 
of memory where the past must be ‘stored’ 
so that it can be available to us in the present 
and future. 

However, a few cultures take a 
different orientation. In their metaphor, the 
observer is facing the past (Quadrants A 
& C). In this metaphor, the past is visible 
and the future is obscured or uncertain. 
Perhaps, this provides a better context for 
thinking about the closed-loop, abduction 
dynamic of adaptive systems. In the closed-
loop system feedback resulting from past 
actions is the input (i.e., what the observer 
is looking at). This feedback is the basis for 
both observation and control. Observation 
involves integration of feedback over time 
to determine the current state and to predict 

future states. Control involves integration of 
feedback to guide action. Further, learning 
means integrating over past mistakes and 
successes in order to better tune to the 
demands of the future. 

This shift in orientation with regard to 
past and future has significant implications 
for the construct of memory. Since, we 
are looking at the past, storage is not so 
important. Rather, the function of memory 
is to integrate over past experiences in order 
to extract the patterns (e.g., schema) that will 
facilitate anticipation of the future in order 
to guide actions that will  ultimately satisfy 
aspirations. 

In essence, an abduction logic involves 
integrating what one has seen over the past 
in order to make smart guesses and choices 
with respect to an uncertain future. For 
everyday life, the future lies out of sight. 
However, because there are constraints, such 
as physical laws and social conventions, it is 
sometime possible to predict the future, by 
carefully examining (integrating) the past. 

The idea of integration emphasizes that 
it is insufficient to think about experience as 
being in time. It is also necessary to consider 
experience as being over time. In other words, 
experience is not necessarily punctate or 
discrete such as frames of a movie. Rather, 
experience is extended over time as nested 
patterns of flow. This suggests for example 
that the coupling between notes and melody 
in a song are bi-directional. In a circle, the 
notes shape the experience of the melody, 
while simultaneously the melody is shaping 
the experience of the notes. It also suggests 
that perception of the melody is what allows 
us to generalize learning to new contexts 
(e.g., a different scale). 

As both James and Gibson have 
remarked,  there is no absolute present - no 
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clear divide between past and future. Gibson 
writes:

The stream of experience does not consist 
of an instantaneous present and a linear 
past receding into the distance; it is not 
a ‘traveling razor’s edge’ dividing the 
past from the future.... A special sense 
impression clearly ceases when the sensory 
excitation ends, but a perception does not. 
It does not become a memory after a certain 
length of time. A perception, in fact, does 
not have an end. Perceiving goes on.2

To continue our musical metaphor, a 
perception of a note is co-extensive with the 
perception of a melody and more globally 
the perception of a melody is co-extensive 
with the cultural experience of music. It is 
a fractal type of structure, where there is an 
infinite nesting of parts and wholes. 

Again, it is important to appreciate 
that the conventional view of time and 
the associated images of causation are 

not necessarily wrong. However, they are 
incomplete or insufficient to fully appreciate 
the dynamics of experience. The consequence 
of reducing closed-loop systems using only 
causal models is to trivialize important 
dimensions of experience. 

The main point is that circular 
dynamics cannot be described or understood 
fully using models based on conventional 
images of cause-effect or stimulus-response. 
Conventional analyses and conventional 
logic break down for systems that are 
circular, iterative, or self-referencing. A 
classical example that illustrates this break 
down is the famous Liar’s Paradox. 

“This sentence is false.”

If this sentence is true, then it must be false. 
This is a contradiction. Circular systems that 
feedback to reference themselves are tricky. 
As we have seen they lead to coast lines of 
infinite length contained within finite spaces 
(another apparent contradiction). Circular 
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systems challenge many of the assumptions 
at the basis of conventional Western scientific 
thought. In particular, circular systems 
require a BOTH-AND perspective, where 

context matters. Such an approach may 
provide a path toward resolving the many 
contradictions that arise in the conventional 
EITHER-OR search for absolute truths.

Rationality

Perhaps the ability to specify a single a 
priori Truth or Validity value to a particular 
choice or to a process for making a choice 
based on formal analysis is what makes 
classical logic and mathematical analysis 
so attractive as potential benchmarks for 
scoring rationality? Establishing extrinsic 
standards for measuring (e.g., the meter) 
has been an important and useful step in the 
development of an objective experimental 
science.  It is not surprising that people 
have attempted to use the same strategy to 
build a science of Mind. Thus, mathematical 
reasoning and logic were chosen as potential 
standards for measurement. 

But perhaps in attempting to emulate 
the successes of the physical sciences, the 

social sciences have missed something 
important? Feynman hints at this possibility 
when he points to psychology as a ‘cargo 
cult’ science.4 That is, he suggests that 
while social sciences go through the surface 
actions associated with doing science, they 
often fail to grasp the deeper meaning of 
these actions. 

It is a question of precedence. 
Measurement is important, but there is a 
very important decision that must precede 
the choice of measures. That is, the decision 
about what dimensions of the phenomenon 
(e.g., position, velocity, mass, energy) to 
measure. Is it possible that in their rush to 
achieve credibility relative to more mature 
sciences, social sciences have defined their 

J.J. Gibson3
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phenomena around their measures, rather 
than choosing their measures to reflect the 
phenomenon?

Have the social sciences organized 
their experimental programs around the 
things that are easiest to count/evaluate (e.g., 
reaction time, percent correct, grammar/
syntax)? And in doing this, have they missed 
essential properties of experience (e.g., 
meaning, emotion, creativity).

Whenever you examine decision 
making and problem solving in complex 
ecologies like a hospital emergency 
department, it quickly becomes obvious 
that the process is often a very messy kind 
of muddling through that reflects competing 
values and agendas, fuzzy fields of ill defined 
possibilities, and ambiguous information. 

The fundamental question is: Is the 
messiness noise that hides the phenomena 
of interest or is the messiness an essential 
feature of the phenomena of experience? 
Conventionally, the messiness has been 
treated as noise. This leads to an experimental 

strategy of choosing more controlled 
laboratory puzzles, in order  to reduce the 
noise and reveal the deeper phenomenon. 
And it naturally leads to the conclusion that 
deviations from the prescriptive standards 
reflect weaknesses or limitations of human 
rationality. 

Note that an important side effect of 
this conventional view is that the weaknesses 
and limitations of the ‘standards’ (e.g., 
the analytical computations) tend to get 
overlooked. Thus, the standards become 
idealized, which can lead to the conclusion 
that the solution to many problems in 
complex environments is to replace the 
humans with automated technologies 
designed to conform with the analytical 
ideals. Thus, automatic pilots, electronic 
healthcare systems, and driverless cars have 
often been advocated as ‘solutions’ that will 
make these systems safer and more efficient 
(i.e., more nearly optimal).

One of the implications of the Liar 
Paradox is that it demonstrates a potential 

Richard Feynman5 
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fundamental limitation of formal, analytical 
approaches to rationality. Practically, the 
limitations of analytical approaches have 
become increasingly obvious as automation 
has been integrated into work domains, 
such as aviation and healthcare. Again, 
the power of computation can increase the 
field of possibilities and expand access to 
information, but this does not necessarily 
lead to either increased safety or efficiency.

Ultimately, the impacts on efficiency 
and safety depend on value judgments made 
by people in the sociotechnical systems. For 
example, Perrow describes how accidents 
remain ‘normal’ in domains, where the 
technology advances are primarily applied 
to increasing efficiency (e.g., faster aircraft 
and denser airspaces).6

Although some types of errors 
are reduced through the application of 
computational technologies, other classes of 
errors increase (e.g., mode errors). The reality 
is that ANY computation is bounded with 
respect to the real complexities of domains 
such as aviation and healthcare. There is no 
single best way, no absolute recipe for success, 
no a priori  optimal solution. 

Since, there is no a priori solution to 
many of life’s problems, it often becomes 
necessary to create a solution through active, 
real-time engagement with the problems. It 
becomes necessary to make the decision right. 
This typically reflects a trial and error learning 
process. It involves muddling through. Far 
from being noise, the muddling observed in 
complex work domains is in fact the essence 
of rationality. 

Thus, the fundamental question with 
respect to rationality is to understand the 
muddling process and the practical question 
with respect to design is how technologies can 

be used to improve or facilitate the muddling 
process. 

This perspective puts heuristics in 
a different light. In this context it is not 
at all surprising that heuristics, like any 
computation, tactic, or strategy are bounded 
with respect to their applicability. However, 
now the bounds are attributed to the ‘fit’ 
between the situation and awareness, rather 
than exclusively to human information 
processing limitations. For heuristics that are 
applied broadly, an important facet of the 
question becomes why are these heuristics 
selected? What makes them generally useful? 
In this context, heuristics are evaluated as 
smart mechanisms that are bounded in terms 
of situations, rather than biases that reflect 
internal limitations or weaknesses.  

 This approach does not deny the 
limitations on human information processing 
(e.g, limited working memory). However, it 
recognizes that these limitations rarely place 
hard limits on what smart people can do. 
In fact, that is what makes heuristics (e.g., 
skills and rules) so interesting. These smart 
mechanisms often reflect very intelligent 
strategies for working around the intrinsic 
limitations, in order to meet the demands of 
complex situations. Thus, the limitations that 
are apparent when people confront novel 
situations, are rarely apparent after extensive 
experience with a situation. 

So, the main point is that the 
fundamental question with regards to 
rationality focuses on learning. The index 
of quality of rationality then focuses on 
how efficiently the system converges on 
a satisfying solution to a situation. This is 
fundamentally a question of stability. Does 
the circular dynamic converge on a stable 
relation or does it diverge into extinction? 
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In this context, a rational system is one that 
learns from its mistakes and adapts toward 
increasingly stable relations with its ecology. 
An irrational system is one that  fails to adapt, 
by either making the same mistakes over and 
over again or by overcorrecting (not tuning 
appropriately to the feedback). Damasio’s 
work  (described in Chapter 12) suggests that 
human emotions may play an important role 
in our ability to learn from our mistakes.

Metaphorically, the conventional 
approach to rationality suggests that the 
proof of the pudding is in the recipe. That is 

the test of rationality is conformity to a 
priori prescriptions or rules derived from 
mathematics and logic. In contrast, the 
circular dynamic of abduction suggests that 
the proof of the pudding is in the eating. 
That is, the test of an idea can only be 
determined in relation to a context of use - 
it is an emergent property of interactions. 
It suggests that rationality can only be 
evaluated pragmatically. Does it work in 
practice? Does it eventually lead to satisfying 
consequences? Does the pudding actually 
taste good?

Design

As suggested by the earlier Feynman 
quote and consistent with the dynamics 
of abduction, the ultimate question for a 
science is “Do the planes land?” That is, 
can we apply our theories of experience to 
solve relevant practical problems, such as 
improving outcomes, efficiency, and safety in 
the emergency department? Can our theories 
of cognition and learning lead to designs that 
actually improve performance in complex 
work domains? 

The ideas in this book reflect more than 
60 years of combined experience in trying to 
apply cognitive science in order to design 
more effective sociotechnical systems. These 
experiences have forced us to re-evaluate 
that cognitive science. The experiences have 
caused us to question many of the things that 
we were taught and many of the things that 
we once firmly believed.

As a result of these experiences we 
have gained a deep appreciation of the quote 

from William James in the first chapter that 
“the metaphysical puzzles become the most 
urgent of all.” Unfortunately, we have also 
learned that most of the people responsible 
for designing many of our technologies 
have little patience for metaphysics, much 
less theory. We have been directly told that 
we are “far too theoretical to contribute 
anything useful for most engineering 
problems.”

Most designers are not interested in 
philosophy or science. What they want is a 
design procedure or process (e.g., Vicente’s 
Work Domain analysis7 or Leveson’s Systems 
Theoretic Process Analysis - STPA8) that 
they can follow step-by-step to a satisfying 
design solution. We believe that Work 
Domain Analysis and the STPA process 
are very powerful tools for evaluating and 
discovering  meaning and potential hazards 
in sociotechnical systems, and that the 
systems perspective that they are based on is 
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very compatible with the general orientation 
of the triadic semiotic model. However, we 
are skeptical whether these processes can be 
successfully applied, unless the people using 
them have an appreciation for the underlying 
theoretical and metaphysical properties of 
human experience. No matter how high 
the quality of a tool (e.g., chisel), it will not 
compensate for a lack of skill (e.g., ability 
of the sculptor). We believe that the skill in 
applying tools like Work Domain Analysis 
and STPA depends on a deep understanding 
of the triadic semiotic dynamic. 

We are hopeful that this is changing. We 
see evidence for this hope in growing interest 
among designers in Cognitive Systems 
Engineering (CSE) and user experience (UX 
Design). Although the labels are not always 
a reliable basis for this hope - since some 
people embrace the labels without fully 
appreciating the theoretical and metaphysical 
implications. Unfortunately, there are many 
cargo cults. 

The main point we want to make with 
respect to design is that the unit of analysis 
MUST be the triadic semiotic system! 
That is, we are not designing technologies 
(e.g., machines or interfaces), we are 
designing experiences! This is emphasized 
in Figure 16.1 by suggesting that each of 
the components of Rasmussen’s Cognitive 
Systems Engineering approach reflects 
alternative complementary perspectives on 
the entire semiotic dynamic. 

With respect to triadic semiotic 
systems, we believe that humans have 
unique capabilities when it comes to 
learning and meaning processing. These 
capabilities reflect the ability to integrate 
logic and emotion in order to discern what 
can be done and what should be done. This 
integration of logic and emotion allows a 

flexibility in adapting to changing situations 
that is not easily achieved with rule-based, 
logical systems. This flexibility allows the 
triadic system to create solutions to a wide 
range of situations that, while seldom 
optimal, are generally satisfying. That is, the 
flexibility allows the system to be robust in 
the face of  ambiguity and rapidly changing 
ecologies. 

The practical implication of this belief 
in human capabilities is that we believe 
that a primary goal for design should be to 
heighten engagement of humans with the 
problem domains. This involves enhancing 
perspicacity, biasing people toward those 
heuristics and strategies that are most 
likely to succeed, and in increasing peoples’ 
emotional investment in wanting the system 
to work. 

This approach contrasts with some 
previous trends in design that have been 
predicated on the idea that humans are a 
weak link or a source of error and that the 
ultimate solution will be to eventually 
replace the human with increasingly capable 
automated systems.  We fully appreciate the 
power that increasingly capable technologies 
offer for improving the performance of 
triadic systems. But this power will be most 
effective when it is put into the hands of 
smart humans. As illustrated in the example 
of the Wright Brothers presented earlier, 
we believe that the ultimate solution for 
improved muddling is to  use technology to 
put control into the hands of humans.

An irony of technological and scientific 
progress with respect to cognitive processes 
is that it adds to the complexity, rather 
than reducing it. It increases the number 
of possibilities, for both good and ill. It 
increases the amount of available data, for 
both enhancing signals and adding noise. 



357

Thus, the advance of technology will not 
reduce the cognitive demands, but rather it 
will only increase them!

With respect to design, our goal is not 
to provide an answer or a process that will 
simplify the designer’s task. Rather, our goal 
is to provide an antidote against potential 
trivializations of phenomena of cognition 
and the uncritical adoption of simple, easy 
to understand (and market) wrong design 
solutions. Our goal is to help designers to 
more fully appreciate the real complexities 
of experience. We hope that this deeper 
appreciation might be a seed for discoveries 
and innovations that are beyond our 
capacities to anticipate.
We believe that the critical first step to 
innovation is to ask interesting questions. 

Perhaps, the contribution of philosophy 
and basic science (theory) is not to provide 
answers to design questions, but to shape 
the questions that designers ask. In essence, 
science helps to map the ‘space‘ of inquiry. 
It is up to designers to decide specifically 
where to go in that space.  But it can often 
be a long and difficult journey and there 
are no guarantees for a satisfying result 
in the end. However, if scientists and 
designers collaborate, both the successes 
and failures can reflect back to further refine 
the conceptual map that will guide the next 
iteration of theory and design. By bridging 
or narrowing the gaps between science 
and design, theory and practice, art and 
technology, we improve both science and 
design. 

The Sound of One Hand Clapping

This book has been a long and difficult, but 
rewarding journey of discovery that has taken 

over ten years. At the start we had a collection 
of threads (Pragmatism, Functionalism, Gestalt 

Kurt Lewin
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Psychology, Ecological Psychology, Semiotics, 
Control Theory, Complexity Theory, Cognitive 
Systems Engineering) and a very rough sense 
that it might be possible to weave these threads 
together in an interesting and aesthetically 
pleasing way. We were hopeful that the final 
tapestry might be of interest to anyone who 
was wondering about the nature of human 
experience and the implications for design.

Though we had a rough vision at the 
start, we are a bit surprised at the final result. 
At some point on the journey the creation 
process shifted from trying to MAKE the 
arrow hit the target, to LETTING the arrow 
hit the target. At the start we thought we had 
answers to important questions. The original 
title was: “The Abduction Engine.” We had 
a sense that Peirce’s constructs of Abduction 
and Triadic Semiotics provided solutions to 
many important contemporary questions 
about cognitive systems. 

Still thinking we had the answer, 
but wanting to engage a wider audience, 
we changed the title to: “What Matters.” 
However, at the end we realized that the 
title was misleading. What had looked to us 
to be the peak of the mountain at the start, 
turned out to be just a foothill at the end. We 
realized that we had not reached an answer. 
We had just reformulated the question. Thus, 
our final title:

 “What Matters?” 

Perhaps, this is consistent with the logic 
of circles. In walking around the circle, the 
farther you go from the start, the closer you 
get to the start. The circle has no end, only 
an infinite number of starting/stopping 
positions. Perhaps, the idea that there is 
an ultimate answer to the complexity is an 
illusion. Perhaps, it really is turtles all the 

way down - each question sitting on the back 
of other bigger questions?

Perhaps, the fundamental challenge 
of science, design, and life in general is 
not to find the answers (e.g., 42), but to 
refine the questions? We create temporary 
solutions, but these solutions open up 
new opportunities, new threats, and new 
questions. As with the fractal coastline, the 
deeper we probe the more wiggles we find. 

We expect that this book was a difficult 
read for many and even at the end many 
readers may be skeptical that the threads 
have been integrated into a coherent picture. 
We thought we had answers when we began 
writing and we expect that it was a search 
for answers that motivated many people to 
take this journey with us. For some it will 
be frustrating to find that we don’t have the 
answers to give them. 

Those who are determined to get to 
the ultimate mountain peak are likely to be 
disappointed by this book. But a few will 
simply enjoy the hike and the changing 
vistas along the way. In fact, they might be 
happy to discover that the journey is not over 
and thrilled at the prospect that even more 
satisfying vistas lie ahead of them. They may 
be excited and eager to discover that it is up 
to them to create their own answers, or to 
further refine the questions.

Human experience is all around us. 
And yet, it can be hard to see. Particularly, 
if our focus is on an extrinsic ideal, a distant 
peak. A focus on the wrong thing or at the 
wrong distance may occlude the very things 
we are looking for. For us, this book is an 
exercise of changing focus, searching for a 
deeper appreciation of common sense and 
for better ways to frame the question: What 
Matters?
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