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pistemology is a field within philosophy seeking
to understand the nature of knowledge, with
perhaps the most significant contributions made
by Immanuel Kant. Kant’s epistemological contri-
bution was inspired by his attempt to understand
how the deterministic physics of Isaac Newton was so
effective in describing reality. A notable physical scientist
in his own right, Kant is almost impossible to read, at least
in translated English, but fortunately
there are many insightful interpreta-
tions. In essence Kant believed the
absolute reality of the universe was
unknowable and that the mind imposed
order on inputs from the senses.
Immanuel Kant’s influence can be
seen on Thomas Kuhn’s modern day
Structure of Scientific Revolutions
that introduced the term paradigm
shift into our modern vernacular while
casting doubt on the absolute truth of
science. Kuhn believed the scientific
community organizes around a theory
and develops instrumentation and
experiments based on that theory to
verify the theory. Kuhn’s notion of
the paradigm was significant because
it is opposite of inductive scientific
reasoning first suggested by Francis
Bacon, where particular observations
lead to general theory. The following
work contends that truth can be found
only by the dual processes of man’s
contemplation of and interaction with
his environment. These dual processes
can be thought of as a closed loop, and concepts familiar
from control theory are applied to this epistemological
model. When basic system-theory concepts are applied
to the closed-loop scientific process, various strands of
epistemology can be pulled together and historical events
put in context.

A Control-Theory Primer

Control theory is a body of knowledge that describes the
interaction of dynamic systems and guides the engineer to
design such systems to achieve a desired result. In general,
a typical control-theory problem would be to design a com-
puter algorithm so that information from various sensors
(devices that glean information from the physical world)
is mathematically manipulated to produce signals that
drive actuators (devices that act upon the physical world).
The interesting and powerful thing about control theory
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is that actuators have an effect on sensors, so that the
control system is self-regulating. It is able to check itself
and make sure that the desired result is being achieved in
the physical world.

The controls engineer concentrates on mathematical
manipulation of sensor data. Drawing an anthropomor-
phic comparison to the human body, the sensors are the
five senses, the actuators are the muscles, and the control
algorithm is the brain. The remainder
of this work will develop this com-
parison and apply system theoretic
principles to human understanding of
the universe.

There are two main ways a controls
engineer goes about developing an
algorithm. The first, useful on only the
simplest of systems, is to use compli-
cated instrumentation (an extension
of the senses) to drive the actuator in
a certain way and see what happens
to the sensor signal. Using this actual
data produced from driving the sys-
tem, rules are used to determine the
control strategy that will achieve the
desired result. This method is normally
useful only on a simple system with
a Single sensor Input and a Single
actuator Output (SISO), but, for this
common class of simple systems, it is
quite powerful.

More complex systems feature
Multiple sensor Inputs and Multiple
actuator Outputs (MIMO), such as the
flight-control system of an airplane. It
is not possible to drive these systems to acquire data and
use empirical design rules to determine the optimal control.
In this case a model of the physical world is constructed
that relates the actuator effects to the sensor measure-
ment. In the flight-control systems example, the model is
the dynamics of the airplane, the inputs are the positions
of the flight-control surfaces, and the outputs of the model
are sensors that measure the resulting motion of the air-
plane. Using this model a closed-loop control strategy can
be developed to transform the sensor measurements to
actuator inputs.

The model used by control theorists is comprised
of—appropriately enough—Dblocks. These are not children’s
building blocks, however; they are mathematical character-
izations of how an input signal is transformed to an output
signal. In general, the input and output signals can be ar-
rays of multiple variables. For example, the input signal
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to a mechanical spring is a force,
the output is the spring displace-
ment, and the transfer function is
the inverse of the spring stiffness,
known as compliance. Instead of
acting on a stiffness, a force could act on a mass to produce
an acceleration inversely proportional to its inertia. The
power of this type of modeling is that an electrical circuit
produces a model with stiffness and inertia replaced by
capacitance and inductance. So the same differential
equation can represent vastly different physical realities,
providing an extremely parsimonious mental model of the
physical world.

A simple control block is an example of an open-loop
system characterized by an input that is transformed to
become an output. A very interesting behavior occurs
when the output of such an open loop or
feed forward block is measured and fed
back to be compared with the original
input, as shown in Figure |. When this
feedback occurs, the controls engineer
designs the dynamic properties of the
feedback block so that the error be-
tween the input signal and the feedback
signal is minimized. It is important
to appreciate that the output of the
feedback block will track the input if
the error between the input signal and
feedback signal is minimized. This may
seem a trivial result, but it has great
practical application. One way to con-
trol the speed of your car is to give it
a constant open-loop accelerator input.
The problem with this method is that
if you happen to be going downhill the
constant accelerator input will allow
the car to go faster, and going uphill it
will go slower. Your car’s cruise control
does a better job of controlling speed
because it is a closed loop. The controller
compares your desired speed with the
measured speed and, if you are going too slow, increases the
accelerator input and, if too fast, reduces it. This property
is known as disturbance rejection. Of course this example
is the simplest of control systems. The main point is that
all well designed control systems minimize the difference
between the input signal and the feedback signal.

The Importance of a Model
Sometimes it is required that the control not merely mini-
mize the difference between the input and feedback signals,
but completely eliminate this error signal—achieved by ac-
cumulating or numerically integrating it. The absolute value
of the error signal might be small, but as it persists in time
the integral becomes quite large. By seeking to minimize
the integral of the error, precise agreement between the
input and feedback signal is achieved.

Once a dynamic model of the physical world exists,
there is a rich and highly developed body of mathematical
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Figure 1: The closed-loop process

techniques that will result in an optimal control algorithm
for MIMO systems. The most powerful of these techniques
assume that the system is linear in a dynamic sense. By
this it is meant that in some way the output is proportional
to the input. Consider a spring. The output, or spring dis-
placement, is proportional to the input, or the force that
compresses the spring. If you press twice as hard the linear
spring is squeezed twice as much.

A nonlinear dynamic system can be seen in a block (in
this case an actual toy building block) sliding on a surface
with some friction. Initially a small input force produces
no output motion. Only when the input
force is sufficient to break the static
frictional connection is there motion.
Nonlinear dynamics can sometimes
follow certain trends and patterns,
popularized as chaos. Controlling such
systems, however, must be accom-
plished on a case-by-case basis, and
lessons learned in one nonlinear system
might not apply to another.

State of the System
Happily, most systems are close to
being linear in some sense. Cars and
airplanes at certain speeds can be well
described by a linear dynamic model,
which is often sufficient if the task is
to design a speed controller. Because
the controller’s purpose is to keep the
system operating in the neighborhood
where the linearity assumptions are
valid, this can work for systems that are
generally nonlinear. With an adequate
linear model in hand, an optimal control
algorithm is possible; however, it is
more an art than a science to determine an adequate model.
Consider the open-loop speed control of a car. One physical
model is that when the accelerator pedal is pushed, the car
goes faster. Another model would be that as the accelera-
tor is pushed, the engine generates more torque, and that
torque accelerates the driveline and wheels, and the car
goes faster. Yet another model would be that the accelerator
is pushed, more fuel enters the cylinders, more powerful
explosions drive the pistons with greater force, which gen-
erates more torque on the driveline, which accelerates the
wheels, and the car goes faster. This deterministic process
could theoretically be extended, but there is a practical limit
as the Heisenberg uncertainty principle does not allow the
precise simultaneous knowledge of where a particle is and
what it is doing, known as the state of the system.

For Newtonian dynamics to completely describe the
behavior of a dynamic system, complete knowledge of the
initial state is required, and this includes all positions and
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velocities. So the real world is not always linear, and, even
if it were, it would not be possible to completely model a
dynamic system. The model that a controls engineer uses
to establish the optimal control is only an approximation
of reality. The model of a dynamic system is a Kantian
phenomenad. It is not reality,/'and' yet it is the way the
controls engineer can conceive reality that can be used to
manipulate it.

Using theoretical design techniques, anjoptimal con-
troller can be designed that mirrors the model on which
it is based. If the theoretical model of the physical system
is complex, the controller will be equally complex. As-
sociated with this complexity is the requirement that
more parameters of the physical
system be valued. Thus, there are
counteracting tendencies at work
with increasing model complexity.
First, as complexity of the model
is increased, more of the dynam-
ics present in the real world are
accounted for.'Second, for each
degree-of-freedom added to the
dynamic model, perhaps three or
even more parameters need to be
established—each parameter the
result of an assumption of linearity
that is true to varying degrees.

The Art of Modeling

An increase in complexity has the
potential both to improve and to
degrade the overall performance of
the control system—thus requiring
the art of modeling. Sufficiency of a
model is contingent upon its intend-
ed purpose. Optimality of a model is
the simplest sufficient model. Fol-
lowing Einstein’s advice, the model
should be “as simple as possible, but no simpler.”

This conceptual parsimony is perhaps most famously il-
lustrated by the Copernican heliocentric-solar-system model
supplanting Ptolemy’s earth-centered concept. Both models
sufficiently explained observation. Copernicus’ model was
simpler, and therefore optimal. This simplicity had advan-
tages in the transmission and use from person to person,
and it required fewer assumptions (e.g., combinations of
epicycles and eccentrics). Furthermore, the Ptolemy model
is an example of a classic problem with model complexity. As
model complexity adds degrees of freedom, it can be increas-
ingly tuned to match the received data. The model becomes
nothing more than an instrumental representation of past
observation. There is a general belief that if several models
more or less equally explain observation, the simpler model
comes closer to capturing the physical essence.

One way to resolve this dilemma rationally is to take a
controller that is optimally designed for a complex dynamic
model and reduce its order while maintaining a resemblance
to the original system in some meaningful sense. Each de-
gree of freedom of a mechanical model usually has two states
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associated with it, position and velocity. The state trajectory
of the system can be visualized as a multi-dimensional plot
of the state variables of the system. A simple single-degree-
of-freedom system is a mass that is allowed to move in one
direction only, like a train on a straight track. The state of
this mass can easily be plotted as position vs. velocity on a
piece of two-dimensional paper. As forces act on the mass,
the state trajectory becomes a two-dimensional line. The
state of complex multi-dimensional modes cannot be plotted
so simply. Although dynamic dimensions are not equivalent
to spatial dimensions, they are often represented in the two
and three spatial dimensions available to us. Our ability to
visualize higher dynamic dimensions is clearly inhibited
by our three-dimensional spatial
experience. If the train becomes a
car and is allowed to move in two
dimensions on a planar surface, the
state of the system requires four di-
mensions to express it. This system
state cannot be represented in our
three-dimensional world in a way
that our senses can interpret, like
a graph on paper, but it is no less
valid a representation of a physical
system. A suspended vehicle going
straight along a bumpy road has 14
states —position and velocity of
each of four wheel hubs and position
and velocity of pitch, roll, and heave
of the car body. Control theorists
have been forced to conceive of the
physical world in dimensions far
greater than our five senses have
trained us to think as we control
our muscles in three-dimensional
space.

So even the most complex imag-
inable model will be incomplete and
very likely inaccurate. These complicated multi-dimensional
models can be projected into a smaller dimension with
robustness and some sense of optimality preserved. This
projection of a system into a smaller dimension is every bit
analogous to Plato’s famous projection of three-dimensional
space as shadows on a two-dimensional wall. Information is
lost as the dimensions of the system are reduced, but the
Kantian brain processing the images of the shadows does
not know what it does not know.

As instrumentation has extended our senses to probe
our habitable spatial dimensions, we have had to revise our
understanding of the physical world. It is possible that there
are dimensions completely hidden from our senses. David
Bohm has shown that if such hidden dimensions are assumed,
quantum effects can become deterministic. String theory re-
quires more than three spatial dimensions. Advanced control
theorists are quite comfortable projecting a complex model
of reality into a reduced dimension state space and using the
result to perform a useful function in reality.

Beginning with the Greeks through Descartes to Einstein
and his famous thought experiments, men have believed that



they could develop a mental concept
of nature. Such thinking is known
as rationalism and prefers reason to
observation. Rationalists are inclined
to discount observations that do not
fit their model. Such rationalists can
be dogmatic and, in the extreme,
delusional. Opposing rationalists are
empiricists, who believe that we know
nothing apart from what we observe.
Extreme empiricism, typified by Da-
vid Hume, can infer nothing about the
future from the past, denying causal-
ity. Tension between rationalists and
empiricists has long been evident in Western culture.

A Theory of Scientific Knowledge

As the scientific method was formalized, Francis Bacon
classically considered the hypothesis to be a mental model
resulting from an inductive process of summarizing ob-
servations. Thus the hypothesis can be thought of as a
parsimonious mental model of observation. In Bacon’s tra-
ditional view of scientific knowledge, theory (hypothesis)
is a sequential, rational forward processing of particulars
to form generalities. Relatively recently, Karl Popper and
Thomas Kuhn claim that the reverse is actually true. A
tentative theory is developed, guiding subsequent obser-
vation that either reinforces its validity or refutes it. This
is essentially a sequential process as well, with hypothesis
(theory) leading to observation, an empirical deductive
processing of generalities to particulars.

Empiricists and rationalists are both right. Theory
results from observation and in turn promotes further
observation and theoretical refinement. This establishes a
chicken-and-egg loop, of the form similar to the closed loops
of control theory. This particular closed loop was formed
when science became the significant input to technology.
Technology can be considered the manipulation of nature to
suit man. Throughout most of history, technology has been
divorced from science. Practical men were artists, crafts-
men, and guildsmen using rules of thumb passed along by
word of mouth. Prior to the rise of science, technology was
developed through a combination of individual innovation
and trial and error, with the trials largely motivated by
extrapolation of experience, mimicking nature, religion, and
mysticism. Technological innovation can produce positive
results unanticipated and, in fact, unexplained by scientific
theory. This somewhat embarrassing situation for scientists
can drive theoretical creativity. Thomas Kuhn analyzed the
simultaneity of discovery of the principle of the conserva-
tion of energy among 12 independent researchers. The vast
majority of these were technologists working on steam
engines, and yet they discovered one of the most elegant
consistencies of nature.

As the predictive qualities of science improved, scien-
tific theory became the prime technological input, largely
replacing trial and error. Technology became a practical,
positive test of scientific theories. The significance of this
event cannot be underestimated. It formed a feedback loop.

Theoretical
Creativity
Rational Theory
Construction

Comiparison

Empirical
Technology
Practical

Innovation

Figure 2: The scientific closed-loop

If science was a process of constructing theory from real-
ity, technology became the inverse process of manipulating
reality based on theory. When theory is used to manipulate
reality, the expected result can be compared with the actual
result. This allows the full attention of science to be placed
on developing theories that are successful in predicting
reality and thus driving technology, as shown in Figure 2.

No longer is scientific theory driven by cumulative ob-
servations of independent reality as suggested by Bacon.
To the extent that these observations are successfully
incorporated into scientific theory, they cease to be impor-
tant.When experiments produce the theoretically expected
results, there is no error signal in the closed loop. No new
information is transmitted to the mental model, as the
existing mental model is producing the appropriate results
in practice. The theoretical process of science is driven not
by observation, but by the error between observation and
prediction. Thus the closed-loop scientific process agrees
with much of Popper’s emphasis on falsification. Only
when there is an error can there be an improvement in the
mental model. Popper insightfully states that the easier it
is potentially to falsify a hypothesis, the stronger the hy-
pothesis is if it stands. A hypothesis attributing a specific
effect to divine intervention is very hard to prove wrong.
However, a hypothesis regarding the outcome of a specific
experiment is easily falsified if the results are unexpected.
Using Popper’s reasoning, the strongest theories are those
most successful in predicting reality. The weakest theories
explain, but do not predict.

Theory Tracks Reality
As Popper rightly suggests a falsified hypothesis should
be celebrated because something new is learned. In addi-
tion to the positive successful application of theory, tech-
nological activity is here defined to include any contrived
test of theory, such as an experiment. This is a falsifying
or negative technology, and plays a key part of Popper’s
refutation. A hypothesis is refuted when there is a large
error between the observation and the result predicted
by theory that cannot be reduced by slight modifications
and extensions of the theory. In this case, it is quite likely
that a radical, structural change in the theory is required
to reduce the error.

The flyball governor of a steam engine is an example of
a closed-loop process that might be familiar to the reader.

WINTER 2011 .ﬁ THE BENT OF TAU BETAPI 19



Without a governor, a steam engine will reciprocate with
increasing speed until failure. The action of the flyball
governor serves to reduce the input to the steam engine
as its speed increases. The reference signal is the desired
speed, the forward process is the engine turning steam into
motion, and the feedback is the governor turning motion
into flyball position, which can be compared with the refer-
ence position (equivalent to the desired speed). Thus, if the
engine runs slower than the desired speed, more steam is
allowed, and, if the engine runs faster than desired, the
input is reduced.

In such a closed loop, it is impossible to say if the engine
drives the governor (which it does) or the governor drives
the engine (which it does). Similarly, in our model of the
scientific process, it is equally valid to say that theory drives
practice (as Popper) or that practice
drives theory (as Bacon). Just as
the closed loop of the steam engine
ensures that actual engine speed
corresponds to the desired engine
speed, the closed-loop scientific
process ensures that our scientific
theories correspond to reality.

This closed-loop characteriza-
tion of the scientific process is well
known to applied mathematicians
and engineers familiar with control
theory. A well designed closed-loop
system works to minimize the error
or the deviation between the refer-
ence and feedback. In this case, the
reference signal is reality, and the
feedback is the output of technol-
ogy. When technology transforms
theory into a desired result useful
in reality, the error is small, and in
many practical ways the feedback
signal equals the input. The empiri-
cal technology feedback block can
be thought of as a transformation
from the mental model of reality
to manipulation of the material world. The mental model
determines how reality needs to be acted upon based on
its sensory inputs, and this intention is transformed by
the empirical technology transfer function. If there is no
error between reality and feedback, the mental model is
static, and the inverse of the empirical technology transfer
function is the mapping of reality to the mental model. This
transformation is the key to understanding Kant.

A closed-loop system will more completely eliminate
error by accumulating (integrating) it, which is equivalent
to memory. Errors accumulate over time and increasingly
drive the theoretical process to work to eliminate them.
When accumulated error is zero, the mental model explains
all past observations. It is difficult to agree with Popper that
this model remains provisional when it cannot be possibly
improved with all that is known in the history of observa-
tion. When the accumulated error is zero, the inverse of
the technology transfer function is the optimal mapping of

20 WINTER 2011 4::.; THE BENT OF TAU BETA PI

reality to our brain. The Kantian brain does not impose an
arbitrary order on reality. Rather, as the loop is closed, there
is a specific mapping from reality to the mental model.

The function of a closed-loop system is to force an output
to track a reference. In this case, scientific theory tracks
reality. Hume was correct in that Bacon’s linear inductive
process of theory from observation does not necessarily
result in truth. When scientific theories are driven by accu-
mulated errors between the consequences of their theories
and reality, theories will resemble reality in an optimal
sense. All that is required are assumptions that reality is
consistent and sufficiently well behaved in the mathematical
sense to allow interpolation between observations to say,
contrary to Hume, that there are things we can absolutely
know about reality and causality. The closed-loop process
of science rescues epistemology
from Hume’s empirical dead end.
At the same time, the closed-loop
process refutes the Kantian notion
that man imposes order on nature.
Man does not impose order on na-
ture; rather nature rewards man
for better theoretical models of her
deeper order. Thus the closed-loop
theory of knowledge eliminates the
excesses found in purely rational or
empirical knowledge.

Changing Theories
Frequently, new knowledge is the
result of a technological innovation
extending or amplifying the actions
of our muscles and sensitivity of
our senses. Initially the model is
perturbed to eliminate the error.
Usually this is successful, but rarely
structural changes are required,
and this is referred to by Kuhn as
a paradigm shift. Self-organizing
closed-loop systems can be con-
structed that change their struc-
ture, in effect adapting to maximize their performance. In
mathematical language, such systems are known to converge
to local optimums, but in general cannot be guaranteed to
converge to absolute optimums. In laymen’s terms, such
adaptive systems will usually converge to very good solu-
tions—in fact the best in a mathematically defined neigh-
borhood. When starting from different initial conditions.
the adaptation could converge to a different solution, which
would be the best in a different neighborhood. A paradigm
change can be interpreted as a movement from one neighbor-
hood of solutions to another. This suggests another function
of the scientific hypothesis or model, agreeable to Kuhn. It
directs experimentation and is able to absorb new informa-
tion as it arises. A particularly good scientific theory will be
incorporated into the structure of a succeeding theory as a
limiting or special case, as with Newton and Einstein.
Recall that no information was obtained when the old
model correlated with reality. Therefore, to the extent



that the old model represents accumulated verification by
its stability over time in the face of potential falsification,
the new paradigm should resemble the old in its domain of
effectiveness. When a paradigm shift occurs, the new para-
digm must provide a similar response to the old paradigm in
the input region where the old paradigm was accumulating
inputs, or else accumulated verification will be lost.

Incorporating Sociology and Values

Scientific learning occurs at the personal level, but there
are significant interactions between the individual and
society. The role of memory implies the importance of
recorded material to transfer accumulated errors between
generations. Since accumulated error drives theoretical
innovation, the more participants in technology, whether
in the negative sense of experimentation (in an attempt to
falsify) or the positive sense of technology (in an attempt to
utilize), implies a value in scale, or numbers of participants,
and, therefore, the value of community. Communication is
important both between and within generations. Simple
theories are easier to communicate and use than more
complex theories. Our early concepts of theory are often
learned from books, which represent the accumulated
experience of the ages. Therefore, it is not surprising that
the scientific process accelerated with the invention of the
printing press and can be expected to accelerate again with
the advent of the internet.

The proposed theory fundamentally agrees with Kuhn’s
conception of a sociology of science determining the para-
digm around which it will organize. Kuhn believes that
theories are false, and the decision to accept one theory over
another is made with considerations other than absolute
truth. Additional considerations in paradigm selection, such
as parsimony, serve to make the paradigm more useful as a
driver of practical technology. When Copernicus replaced
Ptolemy, his system was not absolutely accurate, nor was it
even relatively more accurate. It was roughly as accurate as
Ptolemy, but far simpler, and, therefore, more parsimonious
and useful. As an approximation, our mental representa-
tion of reality is most valuable when it is parsimonious. At
the end of the day, the proposition must explain reality at
least as well as its competing paradigms and must be more
effectively transmitted within the community of scientists
in order to survive in the marketplace of theories.

Conclusion

Science is not unique in its endeavor to transform obser-
vation into theory. All of the social sciences in some sense
attempt this explanatory function. The difference between
science and these fields is that their theory is not sufficiently
predictive to drive technology, and conversely they do not
as efficiently incorporate new information into their models.
If other theoretical disciplines aspire to advance as quickly
as science, they must develop a closed-loop linkage between
theory and practice. The rationalist feedforward process of
inductively generating a parsimonious mental model of real-
ity is required to generate new hypothetical extensions and
to be efficiently communicated to the scientific community.
By itself, the rationalist feedforward process can support

an explanative function common in social science while
lacking predictive ability and therefore not be subject to
falsification. The empirical feedback process of experimental
technology ensures that theory will resemble reality. Both
rationalism and empiricism are required for the scientific
closed-loop process to work.

A desire exists to consider science as objective and
quantifiable and reserve such subjective notions as values
to a different realm. This is an overly simplistic view of
performing science. As one of several competing paradigms
is accepted, it is because of such things as elegance and
simplicity, or in other words—values. At a personal level,
the experience that we accumulate is largely determined by
values. So we must conclude that, despite our aspirations
otherwise, our encounter with the material world is shaped
by our values and filtered by our senses. Only by using
theoretical knowledge to anticipate a desired interaction
with the physical world—and accumulating the empirical
result—does man understand nature.
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