
The history of technology is a rich and fascinat-
ing subject, combining engineering with eco-
nomic, social, and political factors. Technology
seems to advance in waves. Small advances in
science and technology accumulate slowly,
sometimes over long periods of time, until a

critical level of technological success and economic advan-
tage is achieved. The last century witnessed several of these
waves: automobiles, radio, aircraft, television, and comput-
ers, each of which had a profound effect on civilization.

Woven into the rich fabric of technological history is an
invisible thread that has had a profound effect on each of
these waves and earlier ones as well. This thread is the idea
of feedback control. Like all ideas, feedback control impacts
technology only when it is embodied in technology; it is not
tied to any specific technological innovation or invention.

The purpose of this article is to describe technological in-
novations that either use feedback control or allow feedback
control to be exploited. While remarkable in their simplicity,
these inventions are profound in their impact on technology.
In fact, we shall show that these innovations played a crucial
role in facilitating the truly great waves of technological and
scientific development, namely, the Scientific Revolution, the
Industrial Revolution, the Age of Aviation, the Space Age, and
the Age of Electronics. These innovations are the escape-
ment, the governor, the aileron, the gyro, and the amplifier.

The Escapement
For Mercury there is, beyond the correction at leap
year, provision for a secondary correction after 144
years by setting the wheel M forward 1 tooth. In the ar-
gument of Mercury there is an annual deficit of 42′5″,
so that the dial should be set forward 2/3° annually
with a residual correction of 1° in 29 years.

— Giovanni di Dondi, describing the proce-
dure for maintaining his astronomical clock

completed in 1364 [Gimpel, 1976, p. 165]
The Kelantese approach to time is typified by their co-
conut clocks—an invention they use as a timer for
sporting competitions. This clock consists of a half co-
conut shell with a small hole in its center that sits in a
pail of water. Intervals are measured by the time it
takes the shell to fill with water and then sink—usually
about three to five minutes. The Kelantese recognize
that the clock is inexact, but they choose it over the
wristwatches they own.

—[Levine, 1997, p. 93]
In the early 15th century, the Western world was only

dimly aware of the outlines of the world at large. As sailing
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technology improved, Portuguese ships explored the un-
charted coast of Africa, a daring exploit. It was a full 70 years
before da Gama rounded the southern tip of Africa and
reached India in 1498. This age of exploration included the
accidental Western discovery of the New World and affected
indigenous civilizations for better or worse around the
globe.

In his quest to reach China, Columbus used a sec-
ond-century map of Ptolemy, which underestimated the
size of the earth. Fortunately for Columbus, he discovered
a way station (and obstacle) en route. One difficult aspect
of ocean journeys was the problem of navigation, in partic-
ular, that of determining longitude at sea. Rough estimates
of distance could be obtained by dead reckoning, which in-
volved a compass for determining direction and a means
for timing an object floating by the ship to estimate speed;

but this method was not very accurate. The consequences
of getting lost at sea were extremely serious and included
the ship’s crew starving to death or dying of scurvy, as well
as the ship being destroyed on rocky shores during foggy
weather.

The problem of determining longitude was eventually
solved by the mechanical clock. The hero of that story is
John Harrison (1733-1766), a British clockmaker who spent
30 years designing, building, and refining what are consid-
ered the most exquisite and innovative mechanical time-
pieces ever built.

Before the advent of the mechanical clock, time was mea-
sured by means of water clocks, hourglasses, sundials, grad-
uated candles, and many other devices. All of these had
deficiencies in their operation and accuracy. In the last part
of the 13th century, an alternative technology arose, the me-
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chanical clock. This technology had advantages, but it was
not uniformly better. Mechanical clocks were heavy, expen-
sive, large, and often less accurate than earlier technolo-
gies. Clock towers in Europe employed full-time caretakers
who used a sundial for periodically resetting the clock,
while some early wristwatches had a built-in compass and
sundial.

At the heart of every mechanical clock lies a regulator.
While early clocks kept time poorly, gradual
improvements eventually allowed mechani-
cal clocks to keep time with better accuracy
than previous devices such as sundials. The
earliest regulator was the verge-and-foliot
escapement, which dates from around 1283.
Unfortunately, the inventor of this device is unknown, but it
is clear that during this period many craftsmen sought to at-
tain steady, reliable motion by using gears and levers driven
by the force of falling weights. The problem was to develop a
device with a precise terminal (steady-state) velocity to
serve as the clock speed.

The verge-and-foliot escapement consists of a weight-
driven crown gear or escape wheel, which interacts with a
pair of paddles, or pallets, mounted on a rotating shaft (this is
the verge, while the foliot consists of the weights used to ad-
just the inertia of the shaft) (Fig. 1). Each impact of a pallet
with a crown gear tooth momentarily decreases the angular
velocity of the crown gear, and the interplay of these two
components constitutes feedback action. Alone, each com-
ponent would rotate endlessly (the crown gear would accel-
erate), but in feedback the combination reaches a terminal
velocity, which determines the clock speed.

From a modern perspective, the verge-and-foliot escape-
ment is a surprising innovation. Previously, time had been
kept by the smoothly flowing, continuous dynamics of wa-
ter, sand, or melting wax. Intuitively, the use of a smoothly
flowing substance to measure time seemed reasonable,
since time itself appears to flow continuously. Unfortu-
nately, maintaining a constant flow is difficult, and the solu-
tion to this problem is as counterintuitive as it is profound.
The verge-and-foliot escapement did not attempt to regulate
the motion of the falling weight so as to maintain a constant
velocity. Instead, the weight would alternately speed up and
slow down as the crown gear impacted the verge pallets.
Each impact of a pallet with a gear tooth imparts an impul-
sive force to the crown gear, causing a discontinuity or jump
in its velocity.

In short, the verge-and-foliot escapement measured time
by packaging it into intervals, namely, the intervals between
impacts. With this packaging, time effectively became
discretized. To tell time, one would merely need to count the
impacts (ticks and tocks), and this counting is a digital pro-
cess. In addition, the mechanical clock is a discrete-event
system, whose dynamics are continuous between impacts
and discontinuous at impacts. The dynamics of a
verge-and-foliot clock thus depend on the intricate behavior

of interacting components. The speed at which the clock
runs depends on the dynamics that arise from this interac-
tion. In particular, the period of the limit cycle arises from
the coefficients of restitution and friction, as well as the iner-
tia of the various components.

The verge-and-foliot clocks were usually large and con-
structed of hand-wrought iron. Blacksmiths were enlisted to
build them, and large towers were constructed to support

them. The driving weight alone often weighed 1,000 lb. Al-
though these were not especially accurate clocks, to the ex-
tent that they did not warrant a minute hand, it is
noteworthy that the verge-and-foliot escapement was the
only mechanical escapement that we know of from the time
of its inception until the middle of the 17th century. What
was needed to achieve greater accuracy was an escapement
mechanism that could be adjusted in a more precise and re-
peatable manner.

For the mechanical clock, the next critical advance was
the replacement of the swinging verge and foliot and its
complicated limit-cycle dynamics with a mechanism that
provided its own period largely independent of the interac-
tion with the escape wheel. The crucial observation was
made by Galileo (1564-1642), who observed the motion of
the swinging altar lamp during a church service. Using his
own pulse as a timer, he observed that the period of oscilla-
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Figure 1. The verge and foliot was the earliest clock escapement.
Developed in the late 13th century, it remained unchanged until the
17th century.

At the heart of every mechanical
clock lies a regulator.



tion was independent of the amplitude of swing (which is ac-
tually only approximately true for small amplitudes).
Galileo conceived of a clock based on the pendulum, but he
did not live to complete it.

In 1657, the first pendulum clock was realized by Chris-
tian Huygens (1629-1695), who modified the verge-and-foliot
escapement by replacing the verge and foliot with a pendu-
lum swinging in a vertical plane and with the crown gear
mounted horizontally (Fig. 2). However, the basic pal-
let/gear tooth interaction remained the same. Nevertheless,
the dynamics of this clock benefited from the natural period
of the pendulum. The reliance on impact was reduced, and
the pendulum swung from an elastic flexure, reducing fric-
tion. However, since the pendulum swung through a large
arc, it suffered from “circular error,” which caused the pe-
riod to vary with the amplitude. This effect is due to the fact
that the pendulum equation has the form && ( / )sinθ θ+ =g l 0,
where g is the acceleration due to gravity and l is the pendu-
lum length. Because of the sin θ term, the period of the pen-
dulum is amplitude dependent. However, for small angles,
sin θ θ≈ , and thus the dynamics of the pendulum
approximate those of a simple harmonic oscillator with am-
plitude-independent period.

The next innovation, developed by Robert Hooke
(1635-1703) and William Clement in 1671, was the anchor es-
capement in which a pendulum-driven escape arm alter-
nately engaged gear teeth in the same plane (Fig. 3). This
innovation permitted a smaller amplitude of oscillation for
the pendulum, thus reducing the circular error. Clock accu-
racy was now reduced to 10 seconds per day. In addition,
this design was more compact and allowed smaller and
more affordable clocks to be built.

The anchor escapement is a mechanism that invites in-
novation. The earliest anchor escapements used an escape
wheel, which turned primarily in one direction but recoiled
slightly in the reverse direction after impact with the escape
lever. George Graham (1673-1751) refined the geometry of
the escape wheel and escape lever to eliminate this recoil,
thereby inventing the deadbeat escapement. In modern
technology, a deadbeat controller produces no overshoot in
the closed-loop response.

The anchor escapement was further refined by John Har-
rison, a carpenter by trade, who built wooden clocks of fan-
tastic precision, accurate to 1 second per month, which he
verified by astronomical observation. The clocks he built
benefited from his superb use of common and exotic woods
and their self-lubricating properties. The ability to avoid lu-
bricants is a critical feature, since lubricants available at
that time could be broken down by bacteria. All of these fea-
tures were incorporated in his grasshopper escapement, a
precision mechanism whose escape lever consisted of deli-
cate limbs, which touched the teeth of the escape wheel
without sliding against the teeth. Harrison labored for 30
years to build clocks that held their accuracy of 1/3 second
per day on rolling ships in hot and cold weather. With these
accomplishments he vied for the lucrative prize offered by
the British Government for determining longitude at sea. Al-
though Harrison met the requirements for the prize, his
award was blocked by astronomers who tried and failed to
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Figure 2. The first pendulum clock was developed by Huygens in
1657. This escapement was based on a verge and foliot with the
foliot replaced by a pendulum. ([Barnett, 1998, p. 89], reproduced
by permission.)

Verge Pivoted in Clock Frame
Verge

Crutch

Suspension
Spring

Figure 3. The anchor escapement, which appeared in 1671, had
an escape wheel and an escape lever that moved in a single plane.
The escape lever is attached to a pendulum, and the escape wheel is
attached to the hanging weight and clockwork. This compact design
had many subsequent variations and, since the escape lever moves
through only a few degrees of arc, was considerably more precise
than the verge-and-foliot escapement. ([Barnett, 1998, p. 90],
reproduced by permission.)



develop alternative methods. Harrison was eventually
awarded an equivalent sum from Parliament for his accom-
plishments.

Feedback plays a role in both the verge-and-foliot and
pendulum clocks. The verge-and-foliot clock involves the in-
teraction of two subsystems. The first system is composed
of the verge and foliot, which has damped rigid-body mo-
tion; that is, it is semistable. Left alone, this subsystem
would come to rest at an arbitrary orientation determined
by its initial conditions and the frictional and viscous damp-
ing. The second system is the crown gear, which is also a
damped rigid body, but is subject to constant torque input.
Left alone, this subsystem would reach a terminal velocity.
These two subsystems interact through collisions in terms
of their angles and angular velocities. The period of oscilla-
tion of the closed-loop system is a consequence of their
combined dynamics through feedback interaction.

For the pendulum-based clock, the interacting subsys-
tems are the pendulum, which is asymptotically stable due
to frictional and viscous damping, and the escape wheel,
which is a damped rigid body with constant torque forcing.
The period of oscillation of this clock is set largely, but not
completely, by the period of oscillation of the pendulum.
Since the pendulum is damped, however, it loses energy dur-
ing each swing, and thus it must receive energy through the
interaction of the escape wheel and the escape lever. This
energy must be imparted to the pendulum in proper phase
so as to increase the kinetic energy of the pendulum, much
as an adult pushes a child on a swing. However, the angle of
the pendulum cannot be predicted accurately over long
time periods. Therefore, the escape wheel/escape lever in-
teraction uses feedback to establish the proper phase for
transferring energy. In addition, the amount of energy that
needs to be imparted must exactly balance the energy lost
due to damping. Since this amount cannot be set precisely,
likewise, the amplitude of the pendulum cannot be set pre-
cisely. For small angles, however, the simple harmonic mo-
tion approximation of the pendulum motion is valid, and
this provides robustness to the amplitude variation.

Besides its constantly improving accuracy, which soon
surpassed sundials and water clocks, the mechanical clock
had an innate advantage: it worked on cold and cloudy days.
This ability was profound, since it allowed time to be mea-
sured independently of nature. The mechanical clock had
no concern for lengths of days and nights, and it ignored the
changes of season. With the measure of time now divorced
from the variations of nature, time became a commodity
that could be measured and sold in the service of labor and
financial investment. Industries, governments, and armies
could be coordinated, with tremendous political and eco-
nomic advantage.

The mechanical clock allowed craftsmen to refine tech-
niques of metalworking and mechanics. These skills and tech-
niques ushered in a new age of technology that could be
applied to industry. With the ability to measure time, mechani-

cal clock technology ushered in the Scientific Revolution
and provided the basis for the Industrial Revolution.

Although the escapement was the key device at the heart
of the mechanical clock, another device was briefly consid-
ered for the same purpose. Huygens designed a clock that
used a conical pendulum instead of an escapement wheel.
As the rotational speed increased, the centrifugal force on
the pendulum increased, thereby causing the weight-driven
torque applied to the clockwork to increase. Unlike the dis-
crete jumps of the escapement, this device moved the clock-
work smoothly.

Huygens’ conical pendulum clock would have been a
mere curiosity were it not for the next major phase of tech-
nology, which concerned the increasing power and avail-
ability of mechanical energy. While the source of energy was
coal, the transformation of that energy into a mechanically
useful form was performed by the steam engine. The steam
engine in turn depended on a regulator for its controlled op-
eration. That regulator, it turned out, was to rely not on the
tick-tock of the clock escapement, but rather on the smooth
speed regulation of Huygens’ conical pendulum.

The Governor
... this is produced by the centrifugal force of 2 lead
weights which rise up horizontal when in motion and
fall down when ye motion is decreased, by which
means they act on a lever that is divided as 30 to 1, but
to explain it requires a drawing.

— Matthew Boulton, in a letter to James
Watt dated 28 May 1788, reporting on the
centrifugal governor installed on a steam

engine by John Rennie at the Albion Mills in
London [Mayr, 1970, p. 110]

Energy is elusive. As the driving weight in a mechanical
clock falls, its potential energy changes to kinetic energy.
With similar ease, energy changes from chemical to electri-
cal, electrical to thermal, and thermal to electromagnetic.
We borrow energy as it passes through us. These simple but
profound concepts eluded the best minds for centuries.

Work occurs only when energy is transferred. To multiply
the work that humans can do, we use machines, and those
machines require energy. Burning organic material provides
a source of thermal energy, which was undoubtedly one of
the earliest sources of energy to be exploited. The earliest
machines were not powered by combustion, however; their
source was the motion of water and wind.

As water flows downhill, its energy, like that of the clock
weight, is converted from potential to kinetic. The engi-
neers of ancient Rome captured some of that energy by
building mills driven by waterwheels. These mills were
used to grind grain. The largest Roman mill, located in Pro-
vence, France, operated 16 waterwheels and ground 28
tons of corn per day, enough to feed 80,000 people and
equivalent to the combined effort of 1,000 slaves. Dur-
ing the middle ages, mills driven by waterwheels were
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used to forge iron, full cloth, make paper, tan leather,
and pump water. The economic and social impact of this
technology was considerable.

The construction of waterwheels depended on gearing,
which was made of wood until iron gearing became available
in the 18th century. In medieval times, this knowledge was
the province of millwrights, who were the forerunners of
modern mechanical engineers. Millwrights were itinerant;
they traveled from location to location, designing, construct-
ing, and maintaining mills. Although their tools were rudi-
mentary, their work was remarkably precise and innovative.

A river is a reliable source of energy. Barring droughts,
floods, and freezing conditions, the flow of a river is con-
stant over long periods of time. However, waterpower re-
quires a suitable climate and topography, and when these
conditions are not favorable, wind power provides an alter-
native source of energy.

The earliest windmills appeared in Persia in the seventh
century, and their primary function was irrigation. These
were horizontal windmills, which drove a vertical shaft.
Much later, in the 12th century, vertical windmills appeared
in Western Europe. Their use flourished: in the 13th century,
there were 120 windmills operating in the vicinity of Ypres,
Belgium.

Unlike waterpower, which is reliable, wind power is vari-
able: its speed and direction are constantly shifting. Conse-
quently, early windmills were built on a post, which allowed
the entire mill to be turned into the wind. In the 15th cen-
tury, millwrights refined this design so that only the mill’s
cap was turned. In both cases, these adjustments were
made manually.

In a British patent application dated 1745, the variability
of the wind in both speed and direction was addressed by
the blacksmith Edmund Lee. To compensate for wind speed
variations, he invented a mechanism that rotated the sails
about their long axis. This device depended on a counter-
weight: the force of the wind itself rotated the blades. In ad-
dition, to compensate for wind direction, he proposed an
auxiliary set of blades located behind the main blades (Fig.
4). This fantail mechanism turned the mill’s cap automati-
cally, thereby eliminating the need for manual changes in
the mill’s orientation. The fantail thus had the ability to fol-
low the wind direction; any device having the ability to fol-
low commands is a servomechanism.

Another problem was caused by the speed variation of
the wind. The gap between the millstones tended to widen
with increasing speed. Although more grain could be
ground, it was necessary to increase the force between the
stones. The lag governor accomplished this by means of
two pendula whose bobs were constrained to swing tangen-
tially to the circle of rotation. Neglecting air resistance, the
angle of swing is proportional to angular acceleration. As
the angles of the pendula increased, a rod connecting the
pendula changed the force between the stones. An alterna-
tive device for controlling the force between the stones was
the centrifugal governor, in which the weights swung out-
ward (Fig. 5). Unlike the lag governor, the swing angle of the
weights of the centrifugal governor is proportional to angu-
lar rate.

The centrifugal governor used to control the force be-
tween the millstones was not a feedback device for the sim-
ple reason that the speed of the windmill was not affected.
To control the speed of the blades, Thomas Mead linked a
centrifugal governor to a mechanism that furled and un-
furled the windmill’s sails. This feedback controller, which
he patented in 1787, was a regulator, since it rejected distur-
bances (variations in wind speed) to maintain a desired
blade speed.

Meanwhile, in 1783, after 18 years of experimentation and
development, the Scottish engineer James Watt (1736-1819)
developed a practical steam engine that produced rotary mo-
tion. Watt’s key development was an improved understand-
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ing of thermodynamics; by introducing a
separate, cold condenser, he obtained dramatic
improvements in power and efficiency. To publi-
cize his engine, Watt and his partner Matthew
Boulton (1728-1809) contracted in 1784 to build a
large corn mill in London. To oversee construc-
tion, they hired John Rennie (1761-1821), a metic-
ulous millwright. Besides supervising the
construction of the mill, Rennie introduced a key
innovation: he adapted the centrifugal governor
to regulate engine speed. Rennie’s familiarity
with centrifugal governors was due to the fact
that he had trained for two years with one of
Scotland’s most famous millwrights, Andrew
Meikle (1719-1811). Among Meikle’s innovations,
he improved Lee’s method for adjusting the
windmill’s sails by replacing the counterweights
with springs.

The centrifugal governor worked well with a
lightweight throttle valve developed by Watt.
The corn mill, while not a financial success, gen-
erated valuable publicity for Watt and Boulton
in the competitive business of steam engines.
Their business prospered.

The Watt governor represented a significant
advance in technology, since it provided control
over energy. The feedback loop allowed the
steam engine to be self-regulating. Now
the combustion of organic material
could be used efficiently to do mechan-
ical work. This ability to exploit large
quantities of energy without being sub-
ject to the vagaries of the wind allowed
machines to operate at power levels
that were previously unattainable.

The governor itself became the sub-
ject of intense interest, both for its mys-
terious properties and its commercial
value. The great scientists George
Biddell Airy (1801-1892), Charles Wil-
l iam Siemens (1823-1883), Leon
Foucault (1819-1868), Lord Kelvin (Wil-
liam Thompson) (1824-1907), James
Clerk Maxwell (1831-1879), and Josiah
Willard Gibbs (1839-1903) were fasci-
nated by its operation. They sought to
improve on the shortcomings in its ba-
sic design, such as the lack of integral
action (entailing steady-state offset),
friction and saturation (causing re-
peated overshoot or hunting), and lack
of power (limiting speed of response).
These and other improvements were
obtained by subsequent engineers; be-
tween 1836 and 1902, more than a thou-
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Figure 4. The fantail mechanism of a windmill was a conspicuous use of
feedback. This auxiliary set of blades reacted to the direction of the wind to turn
the windmill cap so that the main set of blades faced directly into the wind.
([Freese, 1971, p. 18], reprinted with the permission of Cambridge University
Press.)

Figure 5. The centrifugal governor was used to regulate the force between the millstones.
The spinning weights, which respond to centrifugal force, are connected to a series of
linkages that increase the force between the stones at higher speeds. This is not a feedback
mechanism, since there is no closed loop. However, a later patent by Mead used the
centrifugal governor to furl and unfurl the cloth that covers the blades, thus using feedback
to maintain a desired speed. ([Freese, 1971, p. 52], reprinted with the permission of
Cambridge University Press.)



sand patents were granted in the United States for
governors.

The impact of the governor was immense, since every
steam engine required one. In addition, the governor was
used to regulate astronomical equipment, the telegraph,
and the phonograph. In 1868, more than 75,000 governors
were in use in England. Technological innovation was flour-
ishing and the Industrial Revolution was under way. The
steam engine powered factories, and it moved people and
goods by means of railroad and ship. Although the steam en-
gine was not suited to flight, feedback control, as we shall
now see, was to prove crucial in air transportation.

The Aileron
Not within a thousand years would man ever fly!

— Wilbur Wright, recalling in the 1940s his
words spoken to his brother Orville in 1901

while departing Kitty Hawk for Dayton
[Jakab, 1990, p. 114]

The secrets of powered flight are 1) thrust, 2) lift, 3) sta-
bility, and 4) control. The second of these, lift, is the use of
aerodynamic forces to counteract gravity. The first suc-
cessful human flight didn’t use lift per se; rather, it ex-
ploited buoyancy. This achievement was the invention of
the hot air balloon by Jean Michel Montgolfier (1740-1810)
and his brother Jacques Etienne Montgolfier (1745-1799) in
1783. They flew over Paris to the amazement of onlookers.
Hot air balloons proved to be useful in limited applications;
for example, in the U.S. Civil War, they were used to spy on
enemy troops.

Hot air balloons are stable; their dynamics are similar to
those of a hanging pendulum. Unfortunately, balloons fail
in the control category: unless tied down, they drift with
the wind.

In 1853, George Cayley (1773-1857) was experimenting
with gliders whose lift was due to aerodynamic surfaces. His
gliders looked vaguely like modern aircraft (Fig. 6). In addi-
tion to the large aerodynamic surface for lift, Cayley in-

cluded an auxiliary pair of aerodynamic sur-
faces in the form of an aft structure to provide
stability in pitch and yaw. These fixed aerody-
namic surfaces played the same role as the
horizontal and vertical tails on a modern air-
craft.

Cayley’s ideas were far ahead of their time.
Although he published the results of his ex-
periments, his work remained unknown to
subsequent flight pioneers. Nevertheless,
from 1889 to 1896, Otto Lilienthal (1848-1896)
built and flew gliders. His gliders used fixed
auxiliary aerodynamic surfaces for stability,
and he was able to control the motion by shift-
ing his weight. This knowledge came from ex-
tensive aerodynamic studies of lift and drag
as well as experience: he built a symmetric hill

from which he could glide regardless of the wind direction.
Tragically, he died from injuries suffered when his glider
stalled and crashed.

During the 19th century, there were numerous enthusi-
asts interested in the possibility of manned flight. Many
ideas were sketched and few were built, of which fewer met
with any success. Octave Chanute (1832-1910) collected an
immense amount of information about these ideas and ex-
periments. In 1894, he published this material in his book
Progress in Flying Machines.

In 1899, the brothers Wilbur (1867-1912) and Orville
Wright (1871-1948), who ran a bicycle shop in Dayton, OH,
read Chanute’s book. Two prophetic paragraphs can be
found in the Conclusions section of Chanute’s book. The
first paragraph reads:

If a flying machine were only required to sail at one un-
varying angle of incidence in calm air, the problem
would be much easier of solution. The center of grav-
ity would be so adjusted as to coincide with the center
of pressure at the particular angle of flight desired,
and the speed would be kept as regular as possible;
but the flying machine, like the bird, must rise and
must fall, and it must encounter whirls, eddies, and
gusts from the wind. The bird meets these by con-
stantly changing his center of gravity; he is an acro-
bat, and balances himself by instinct; but the problem
is very much more difficult for an inanimate machine,
and it requires an equipoise—automatic if possi-
ble—which shall be more stable than that of the bird.
Here Chanute makes an indisputable case for the impor-

tance of control. Stability is important, he asserts, but it is
not enough; a flying machine must be able to maneuver, and
it must be able to react to disturbances.

Earlier researchers realized this need. Drawings of
(sometimes fanciful) aircraft from as early as the 1870s
show a vertical rudder, presumably inspired by a ship’s rud-
der. Other drawings show a horizontal rudder as well. Unlike
the fixed auxiliary surfaces for stability, these surfaces were
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Figure 6. George Cayley’s aircraft designs used aerodynamic surfaces for lift as
well as stability. In 1853, he built a glider that successfully carried a person.
([Anderson, 2000, p. 11], reproduced with the permission of the McGraw-Hill
Companies.)



movable, and they permitted control of the aircraft’s mo-
tion. Thus, the importance of controlling motion about mul-
tiple axes of rotation was clearly recognized. The second
paragraph from Chanute’s book reads:

The guidance in a vertical direction—i.e., up or down,
depends in a great degree upon success in changing
the center of gravity which has just been alluded to. It
may be partly effected by changes in the speed or by
horizontal rudders, but in such case the equilibrium
will be disturbed. Guidance in a horizontal direction
has been secured, as we have seen in several experi-
ments, by vertical rudders; but there are probably
other methods still more effective, although their
merits cannot be tested until a practical apparatus is
experimented with. Upon the whole, this problem
may give trouble, but it does not seem unsolvable.
Within five years of reading these very words, the

Wrights demonstrated machine-powered manned flight.
They accomplished this feat with a variety of evolutionary
and revolutionary innovations. They adopted the biplane
wing structure with truss supports developed by Chanute
himself; they systematically developed a series of gliders
with the aid of careful wind tunnel tests; they outfitted their
gliders with movable aerodynamic surfaces for pitch and
yaw control; for roll control, they invented wing warping,
which was controlled jointly with the rudder for turning;
they built powerful, lightweight engines and propellers;
and, most importantly, they taught themselves to fly. They
were self-supporting, and they had little outside assistance
aside from correspondence with Chanute. In short, they
combined the existing elements for powered flight, and they
supplied the needed innovations.

The key innovation, which had no clear predecessor, was
the use of wing warping to effect lateral control; that is, con-
trol for turning (Fig. 7). This innovation provided a full com-
plement of movable aerodynamic surfaces to allow control
over all three axes of rotational motion. This innovation was
critical, since it made controlled flight possible.

Wing warping was an innovation that deserved protec-
tion. The Wrights patented the technique, which was based
on the mechanical coupling of wing warping and vertical
rudder deflection. Such coupling is needed when turning to
counteract adverse yaw, an aerodynamic effect that would
otherwise cause the airplane to sideslip (not point along its
velocity vector) during turning. But the Wrights’ patent was
soon innovated. In 1908, Glenn Hammond Curtiss
(1878-1930), a former motorcycle racer turned airplane
manufacturer, was in direct competition with the Wrights.
His technique for lateral control did not employ wing warp-
ing coupled with rudder deflection; rather, Curtiss used a
pair of ailerons, which were operated as separate, movable
aerodynamic surfaces. The idea of using movable aerody-
namic surfaces for lateral control arose as early as 1904 in
France for controlling a glider. In the United States, the idea
was suggested in 1908 by Alexander Graham Bell

(1847-1922), who, at age 69, was an aviation enthusiast. He
suggested the use of movable wing tips for lateral balance
control. Casey Baldwin, an associate of Curtiss, imple-
mented ailerons in the form of wing tips on Curtiss’s White
Wing aircraft, which he flew in May 1908. The pilot con-
trolled the ailerons by means of a shoulder harness; by mov-
ing his body, the pilot effected lateral control. Only later was
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one of the hands freed up for aileron control by using the
feet to control the elevator. The word “aileron” derives
from the French phrase for “little wings,” reflecting their
first appearance in France. In his 1909 airplane the June
Bug, Curtiss mounted the ailerons midway between the bi-
plane wings (Fig. 8). The separation of lateral control from
lift was now complete in both form and function.

The use of ailerons had two distinct advantages over the
Wrights’ patent. First, the ailerons had the sole purpose of
providing a moment for rolling the aircraft, and their imple-
mentation effectively separated lateral control from lift.
Consequently, the main wings intended for lift no longer
needed to be warped and therefore could be stiffened. And
second, the ailerons were controlled separately from the
rudder to allow independent control of all three axes.

In 1905, the Wrights began to use separate hand controls
for wing warping and rudder. They did not protect this varia-
tion of their original patent on coupled wing warping and
rudder control. Although Curtiss used separate three-axis
controls, the Wrights sued him for infringement of their pat-
ent on coupled rudder and wing warping. In the court’s view,
Curtiss’s system for independent three-axis control in-
fringed on the Wrights’ patent, since coupling of lateral and
yaw control is nevertheless essential for turning.

Three-axis rotational control of the aircraft was now com-
plete, and it depended on a complement of movable control
surfaces, namely, the elevator, the rudder, and the ailerons.
This technology also completed the essential elements of
flight: thrust, lift, stability, and control. The Age of Aviation
had been ushered in, and transportation and warfare were
changed forever. The next step was to develop devices to as-
sist the pilot in controlling the aircraft, as well as the means

to venture into space. To do this required
yet another innovation—the gyro.

The Gyro
... if there were no other immortality, you
would live forever in that achievement.

— Helen Keller, in a letter to Elmer Sperry
dated 27 February 1930, after a tour of the

Sperry Gyroscope Company
[Hughes,  1971, p. 321]

I saw a flock of birds lifting and wheeling in formation
as they flew alongside the train. Suddenly I saw them
as “devices” with excellent vision and extraordinary
maneuverability. Could they not guide a missile? Was
the answer to the problem waiting for me in my own
backyard?”

— B.F. Skinner, describing his inspiration in
1940 for using pigeons for missile guidance

[Capshew, 1993, p. 840]
On 18 June 1914, 21-year-old Lawrence Sperry (1893-1924)

from Brooklyn, NY, piloted a Curtiss flying machine near Paris
in a competition to demonstrate new technology for making
flying safer. The aircraft carried Sperry and his French me-
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The verge-and-foliot escapement
measured time by packaging it into
intervals, namely, the intervals
between impacts.

Figure 7. The Wrights’key invention was the use of wing warping to effect lateral control. This innovation provided a full complement of
movable aerodynamic surfaces to allow control over all three axes of rotational motion. ([Wright, 1953, p. 14], reproduced by permission.)

Figure 8. In 1908, Glenn Curtiss flew his Gold Bug airplane,
which used ailerons mounted between the biplane wings to effect
lateral control. This innovation separated lateral control from lift,
but was close enough in spirit to wing warping to entail a bitter
patent battle with the Wrights. (Courtesy of the Smithsonian
National Air and Space Museum.)



chanic, Emile Cachin. In full view of the judges, Sperry stood
up and placed his hands over his head. Cachin then stood up
as well and proceeded to walk six feet onto the lower wing.
Observers expected the plane to roll; instead, they saw the ai-
lerons move automatically to maintain level flight (Fig. 9).
They had witnessed the all-time most dramatic
demonstration of a feedback control system, as
well as a new era in flight.

The key to this success was the practical
implementation of a displacement gyroscope,
or gyro, which is a spinning wheel mounted on
gimbals. The gyro had been developed by
Lawrence’s father Elmer Ambrose Sperry
(1860-1930). The spin axis of the wheel main-
tains its orientation in space as the gimbals ro-
tate around it (Fig. 10). For flight control, the
outer gimbal can be aligned with the roll axis,
and the inner gimbal can be aligned with the
pitch axis. When disturbances cause the plane
to rotate, the gimbal angles provide measure-
ments of the roll and pitch angles of the air-
plane.

In the system demonstrated in Paris, the gyro was con-
nected to an electrical contact that closed a circuit when the
airplane moved out of trim level flight. The electrical con-
tact powered a valve that released compressed air supplied
by the engine. The force of this compressed air moved the
elevator and ailerons to bring the airplane back to level
flight. In this way, Curtiss’s ailerons and Sperry’s gyro
formed a feedback loop to stabilize the airplane’s motion.

Aircraft stabilization was not the first application of the
gyro, although it was the most important up to that time.
Previously, Elmer Sperry and others had developed gyros
for stabilizing automobiles and ships. In these applications,
gyros were used for actuation as well as for sensing. The ac-
tuation was effected by a heavy flywheel that helped sup-
press roll motion. Although the automotive application was
unsuccessful, the marine application met with good success
on naval vessels and ocean liners.

An alternative use of a gyro comes in the form of a rate
gyro, which determines the angular velocity about a given
axis. A spinning wheel mounted on a single gimbal exerts a
torque about an axis that is perpendicular to the rotation
axis. For example, when the base of the gimbal rolls, the
gyro pitches. This right-angle motion, called precession, is a
consequence of the fact that applied torque induces a
change in angular momentum. This torque can be measured
by restraining the gimbal with a spring and measuring the
resulting gimbal angle (Fig. 11).

The development of the gyro for determining angular dis-
placement and angular rates created the ability to perform
inertial navigation. Inertial navigation refers to navigation
without using external signals such as radio beacons, mag-
netic compasses, or optical sightings. Gyrocompasses pro-
vide the means to determine heading, while the signals from
rate gyros and accelerometers can be numerically inte-
grated to determine location. These devices were essential
to the development of missile guidance, submarine naviga-
tion, and space navigation technology. In addition, feedback
control loops based on gyros have been used in autopilots
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for pilot assistance or fully autonomous operation. In short,
the gyro opened the door to the Space Age.

The Amplifier
The control technology discussed thus far has been almost
entirely mechanical: the escapement of a clock, the centrifu-
gal governor of a windmill or steam engine, the aileron of an
airplane, and the gyro of an aircraft stabilization system.
Each of these inventions had a critical effect on the history
of technology. And yet, perhaps the most significant appli-
cation of feedback control was still to come. As we shall see,
there were two distinct developments that shaped the Age
of Electronics: the positive-feedback amplifier and the nega-
tive-feedback amplifier.

To begin, let us clarify that the amplifier is not inherently a
feedback device. In fact, an amplifier is any device that takes
an input signal of small amplitude and produces an output
signal identical to the input signal but with larger amplitude.
By itself, this is not a surprising feat; a lever placed asymmet-
rically with respect to a fulcrum is an amplifier. Any move-
ment of the shorter end of the lever will be reproduced by the
longer end with a larger amplitude of motion. The lever am-
plifies the arc length of the motion as well as its speed. Simi-
larly, any input force applied to the longer end of the lever
will produce an output force of greater magnitude at the
shorter end. Thus, a lever can be used to amplify displace-
ment, speed, or force.

Although an amplifier is not inherently a feedback de-
vice, it is an essential component of a
feedback control system. The sensor
measurements and error signals, which
are generally small -amplitude,
low-power signals, must ultimately
drive actuators that require large
power. In the millstone force control
system of a windmill, amplification of
the centrifugal-to-millstone force is pro-
vided by a series of levers. Similarly,
Elmer Sperry’s aircraft stabilizer used a
pneumatic amplifier in which small an-
gular displacements of the gyro gim-
bals modulated a valve, which released
compressed air, and thereby produced
large forces for moving the aerody-
namic surfaces.

Electrification allowed engineers to
operate electrical motors and lighting,

but these developments did not depend on amplifiers. How-
ever, engineers were also concerned with the transmission
of information, specifically, communication by telephone
and radio. These technologies required amplifiers since the
signals were weak and their waveform is of paramount im-
portance. As we shall now discuss, it was feedback control
that was essential to critical developments in each case.

The Positive Feedback Amplifier
1113149

— The number of Armstrong’s U.S. patent
for the positive feedback amplifier, as em-

blazoned on a flag flown from the aerial
tower above his mother’s home in Yonkers,

NY, and visible on clear days as far as the
Bronx, where Lee de Forest lived [Lewis,

1991, p. 196]
While experimenting with lamps in 1880, Thomas Alva

Edison (1847-1931) observed that a current could flow
through a vacuum to a metal plate. He had no explanation
for this phenomenon, called the Edison effect. In fact, only
the discovery of the electron would provide a meaningful
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Figure 10. A displacement gyro is a spinning wheel mounted on a pair of gimbals. The
spin axis of the wheel maintains its orientation in space as the gimbals rotate. By aligning
the outer gimbal with the roll axis and the inner gimbal with the pitch axis, it is possible to
measure these angles during flight. ([Machover, 1960, p. 1-3], reproduced by permission.)

Figure 11. A rate gyro uses precession to measure angular rate
about a desired axis. By aligning the gimbal axis with the roll axis, a
pitch rotation rate will produce a torque on the gimbal. This torque
can be measured by restraining the gimbal by a spring and
measuring the gimbal angle. ([Machover, 1960, p. 2-2], reproduced
by permission.)



explanation. Nevertheless, John Ambrose Fleming
(1849-1945) studied the Edison effect while employed by the
Edison Company in London. There was no immediate appli-
cation of these studies.

The Edison effect proved to be but one, albeit crucial,
step in the development of radio. The development of the ra-
dio went through many phases, from the electromagnetic
theories of Maxwell (analyzer of the centrifugal governor) to
the spark gap transmitters and receivers of Heinrich Hertz
(1857-1894) to the frequency-selective circuits of Oliver
Lodge (1851-1940) to the pulsating spark gap of Guglielmo
Marconi (1874-1937). Like all great inventions, the develop-
ment of the radio required a long chain of brilliant inventors
and scientists. Marconi’s advances, partly achieved by
adapting the discoveries of the great scientists and partly
by the accidental discovery of the benefits of grounding, en-
abled long-distance wireless telegraphy and became the ba-
sis of a new industry. He patented these inventions in 1896
when he was 22.

In 1904, Fleming was employed by the Marconi Company,
and he returned to his studies of the Edison effect. He made
a surprising discovery: an evacuated tube with a filament
and plate had the ability to rectify ac radio waves. More than
a mere curiosity, his diode-rectified telegraph signals could
be heard through headphones. However, since the Marconi
Company was interested in crystal diodes, they did not pur-
sue the development of the tube diode.

Lee de Forest (1873-1961), a young engineer, read of Flem-
ing’s work and began experimenting with tubes. Like his pre-
decessors, he did not understand their operation. But he
made a momentous advance: by including a third wire (the
grid) between the filament and plate, he was able to control
and amplify the signal applied to the grid. The electronic am-
plifier was born.

Like all new inventions, this electronic amplifier had lim-
ited performance (low gain), and it was not well understood.
Such was the case when Edwin Howard Armstrong
(1890-1954) was an undergraduate at Columbia University,
where he had access to test equipment and triode tubes.
Armstrong had been an avid radio hobbyist, and he had con-
siderable experience with radio circuits. He experimented
extensively with the triode tube and, in 1912, built a tri-
ode-based amplifier circuit that had amazingly better per-
formance characteristics than existing amplifiers.

The key to Armstrong’s invention was the use of positive
feedback, which he called regeneration. By feeding the au-
dio signal back to the grid, he was able to boost the amplifi-
cation of the triode circuit. In effect, the circuit reduced the
damping of the oscillations. The amplification was over a
narrow band of frequencies, but this was sufficient for radio
applications.

Armstrong’s circuit was extremely valuable. Several in-
ventors around the world had developed similar circuits,
but there was only a single challenger to his patent: de For-
est. Years prior, de Forest had experimented with a circuit

that “howled.” He had virtually no understanding of the
circuit, and he failed to pursue it. Yet his challenge set in
motion what is perhaps the most bitterly contested and
lengthy patent litigation case in history. The Wright-
Curtiss litigation paled by comparison. The de For-
est-Armstrong regeneration case lasted almost 20 years,
and, amazingly, it was decided by the Supreme Court not
once, but twice (1928 and 1934). Armstrong lost both
times. Nevertheless, the IRE (Institute of Radio Engineers
and forerunner of IEEE) awarded Armstrong the Medal of
Honor for what his fellow engineers recognized as truly his
invention.
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While the ability to produce high gain was the major ben-
efit of his circuit, Armstrong found that the positive feed-
back amplifier offered yet another feature that was critical
to the development of radio. If the gain of the amplifier is suf-
ficiently increased, the circuit oscillates stably; that is, the
oscillations can be produced indefinitely without increasing
or decreasing in amplitude and with constant frequency.
The ability to produce stable oscillations is not a mere curi-
osity; rather, it is a necessary component for modulating
and demodulating signals.

The ability to transmit voice and music depended on
high-frequency radio communication. One approach to the
requisite modulation for transmission was the development
of a generator by Ernst Alexanderson (1878-1975), who
worked with Charles Proteus Steinmetz (1865-1923) at GE.
The Alexanderson generator weighed many tons, and its
spinning disk alone was massive. Yet this machine suc-
ceeded in producing the first broadcast of voice and music.
The date was Christmas Eve, 1906. However, the posi-
tive-feedback amplifier rendered the Alexanderson genera-
tor obsolete; an electronic feedback circuit replaced a
massive machine.

The stable oscillations produced by a triode circuit with
high-gain positive feedback were later understood to be a
result of the nonlinear characteristic of the triode tube. The
nonlinear analysis, which was performed by Balthasar van
der Pol (1889-1959) (Fig. 12), stands as a classic in nonlinear
dynamics.

Although many radio circuits had been proposed for de-
modulating signals, Armstrong’s circuit, the superhetero-
dyne, was by far the most successful. This circuit, dating
from 1917, incorporated an oscillator for signal demodula-
tion at a frequency located a fixed distance from the incom-
ing signal. The demodulation circuit took a high-frequency
signal and produced a low-frequency signal that could be

easily filtered and amplified. This circuit survived the
transition from vacuum tubes to silicon chips.

The Negative Feedback Amplifier
Black requested permission to work on amplifier de-
sign which was granted on the condition that it did not
interfere with his other work.

— [Bennett, 1993, p. 73]
By 1911, it was possible to place a long-distance call from

Boston to Denver; however, there were serious problems
with distortion. Only after amplifier technology improved in
the 1930s was long-distance telephone communication
truly feasible. The solution to the distortion problem that
would improve amplifier technology was as radical as it was
classical. Harold Stephen Black (1898-1983), an electrical
engineer employed by American Telephone and Telegraph,
wrestled with the problem for a long time. He was especially
influenced by a lecture given by Steinmetz in 1923, where
Steinmetz encouraged problem solving based on fundamen-
tal principles.

Black realized that he could solve the distortion problem
if he could amplify signals with precise gain. Subtracting the
suitably scaled (but distorted) output of an amplifier from
the input would reveal the distortion; amplifying the distor-
tion and subtracting it from the output would leave an un-
distorted signal. The concept was simple, but it would only
work with precise amplifiers. Attempts to set the amplifier
gain were invariably useless: drift could occur in a matter of
hours. On his way to work one Saturday morning in 1927, as
he crossed the Hudson River on a ferry, the key idea oc-
curred to him: Use negative feedback to set the gain at a pre-
cise, albeit lower, value.

The basis of Black’s circuit was this: Let G denote the
open-loop gain of an amplifier, and let k denote the feedback
gain. Then the closed-loop gain

~
G is given by

~
G

G
kG

=
+1

.
(1)

When kG is much larger than one, this yields

~
G

k
≈ 1

,
(2)

a precise value in spite of uncertainty and drift in G. But mak-
ing kG much larger than one makes 1/k much less than G.
Therefore, this circuit uses negative feedback to reduce the
amplifier gain. Fortunately, this reduction was not an obsta-
cle, since amplifiers could be built with extremely large (but
usually imprecise) gain.

As simple as this idea was, the patent office treated it
with skepticism; nine years passed from patent application
to granting. On the practical side was the psychological re-
sistance to purposefully lowering the gain of an amplifier.
On the mathematical side, there were questions about sta-
bility. It was difficult to understand how stability could hold
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Figure 12. This positive-feedback circuit with the transformer
output connected to the triode grid produces sustained oscillations
that can be used for radio signal modulation and demodulation. The
governing equation is known as the van der Pol oscillator [van der
Pol, 1920].



when the loop gain| |kG was greater than unity; in fact, it was
well known that oscillations occurred in high-gain, posi-
tive-feedback amplifiers. It fell to Harry Nyquist (1889-1976)
to develop a stability theory that accounted for the fre-
quency-dependent gain and phase of a transfer function (at
least for stable loop transfer functions; the case of an unsta-
ble loop transfer function was resolved
later). Hendrik Wade Bode (1905-1982) eluci-
dated the subtleties of amplifier design (limi-
tations and tradeoffs) in subsequent
classical research. Ironically, the centrifugal
governor and gyro stabilizer had been used
for years in negative feedback loops; how-
ever, before the work of Nyquist and Bode,
there was little theoretical understanding of
the frequency-domain ramifications of stability.

AT&T recognized the value of the idea. Working models
were built to convince the patent office, and the awarded
patent had an astounding 126 claims.

The negative feedback amplifier had implications well
beyond long-distance telephone communication. William R.
Hewlett (1913-2001) studied applications of negative feed-
back as a graduate student at Stanford University. Working
with David Packard (1912-1996) in a garage in Palo Alto,
Hewlett developed an audio oscillating device for testing
sound equipment. Walt Disney Studios used eight of the de-
vices when they developed the soundtrack for Fantasia. The
garage in which Hewlett and Packard worked became a Cali-
fornia state historical landmark, recognized as the birth-

place of Silicon Valley. An official plaque provides a tribute
to the impact of feedback control on modern technology:

BIRTHPLACE OF “SILICON VALLEY” This garage is the
birthplace of the world’s first high-technology region,
“Silicon Valley.” The idea for such a region originated
with Dr. Frederick Terman, a Stanford University pro-

fessor who encouraged his students to start up their
own electronics companies in the area instead of join-
ing established firms in the East. The first two stu-
dents to follow his advice were William R. Hewlett and
David Packard, who in 1938 began developing their
first product, an audio oscillator, in this garage. Cali-
fornia registered historical landmark no. 976.

Conclusions
Is feedback control merely a footnote in the history of tech-
nology? In this article, I have attempted to suggest otherwise.
The mechanical clock was the most precise and sophisti-
cated machine of its time; its development had a profound
impact on society, and it helped usher in the Scientific Revo-
lution. Although the centrifugal governor was a convenience
for operating a windmill, it was a crucial component of the
steam engine and hence of the Industrial Revolution.

The aileron completed the requirements for controlled
flight, and it helped to usher in the Age of Aviation. Likewise,
the gyro was a crucial component needed for guidance and
control in the Space Age.

The Electronic Revolution owed much to feedback con-
trol. The positive-feedback amplifier provided increased
gain as well as a stable oscillator for modulation and demod-
ulation, essential components of radio frequency circuits.
The negative-feedback amplifier provided the means to
build precision amplifiers with low distortion. The “trick” of
using negative feedback to increase the precision of an in-
herently imprecise device was subtle and brilliant, and it
was precisely this idea that had made the steam engine
practical and rendered the mechanical clock “better” than
its individual parts.

The fact that the invisible technology of feedback control
has had such a profound impact on the history of technol-
ogy should not be especially surprising. Feedback control
has the ability to combine components into larger, more
complex systems with higher precision. An open-loop clock
would be unthinkable.

Finally, what does the history of control engineering au-
gur for the future of technology? When the next great wave
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The governor itself became the
subject of intense interest, both for

its mysterious properties and its
commercial value.
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of technology washes over civilization (nano/bio/quan-
tum/...), feedback control will surely lie at its heart.
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