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The subjects discussed in this issue are seemingly as diverse as the wide field of
engineering itself. Techniques for preventing electrical blackouts over huge
geographical areas appear to have little in common with regimens for cancer
therapy. The design of electrically controlled mechanical devices and the development of strategies for combatting insect pests are surely as different from one
another as problems in engineering can be. Yet all these applications employ
methodologies for controlling the dynamics of systems. They demonstrate not
only the variety of problems addressed by engineers today, but the scientific and
mathematical bases that relate research in many different areas. (The educational
implications are reflected in Cornell's undergraduate engineering curriculum,
which provides a common foundation of science and mathematics for all students
as a prerequisite to more specialized study.) This is not to say, of course, that all
researchers approach control problems in the same way. For example, although
the mainstream of research in this area follows a highly sophisticated mathematical approach, Richard Phelan's theory, which he outlines here, is designed for
immediate application to mechanical systems and devices.
Not surprisingly, the articles in this issue represent only a sampling of the topics
that could have been included. Chemical engineering comes to mind, for control
theory and techniques are basic in chemical engineering processes and constitute
an important area of instruction and application in that field; Peter Harriott and
Michael Shuler are among Cornell professors who provide direction in this area.
The application of control theory to manufacturing processes is an area in which
K. K. Wang of our mechanical engineering faculty is active; he is working closely
with industrial researchers in a collaborative effort that is unusual today but
promises to become more prevalent as industry responds to the need for more
refined operating procedures. In the operations research faculty, Bruce Turnbull
is working on problems of quality control, John Muckstadt on inventory and
logistics control, Jeremy Bloom on the control of electric-power generation,
William Maxwell on production control in manufacturing processes, and David
Heath and N. U. Prabhu on the control of stochastic processes. In civil and
environmental engineering, control problems are studied by Walter Lynn (in
water-quality management and the control of epidemic diseases), Daniel Loucks
(as applied to water resources and environmental management), and Arnim
Meyburg and Mark Turnquist (in transportation planning).
There are, of course, other analytical techniques that cut across disciplines and
find wide application. Finite element analysis, computer simulation, mathematical programming, probability, and statistics are examples. The common ground,
as well as the variety of fields, contributes to the interest of engineering
today. -G.McC.

PREVENTING BLACKOUTS

by James S. Thorp
The massive Northeast blackout of
1965 and the New York City blackout
of 1977 were unusual only in scale and
in the impact they made on public
consciousness. During the period 1971
through 1976, the Federal Power
Commission reported 211 serious
power interruptions in the United
States, and others of comparable magnitude occurred in France and Canada.
In fact, the blackout rate is increasing
at an annual rate of 6 percent (roughly
the rate of increase of load).
Most blackouts are initiated by sudden events like thunderstorms, but
there are also emergencies that build
slowly. In January of 1977, for example, severe weather in the Midwest
produced rising demand that eventually exceeded supply; power-system
frequency dropped to 59.84 hertz and
remained below 60 hertz for an extended period. Although 59.84 hertz
may seem close enough to 60, it actually represents a serious mismatch between supply and demand—in this
case, a shortfall of approximately
8,000 magawatts. Power-system frequency is normally maintained between 60.01 and 59.99 hertz by instan-

A fault similar to those that occur in transmission lines is shown in this photograph
taken during a test of corona and breakdown effects. The testing was carried out
by the American Electric Power Service
Corporation on an experimental highvoltage line. The corona in the lower
right-hand corner and along the lines is
blue in color; such effects are sometimes
seen around high-voltage transmission
lines under normal conditions.

taneous reaction of the system to
changes in demand; a greater variation
can cause damage to appliances and
other equipment and interfere with
their functioning. At the end of the
Midwest emergency, electric clocks
were nearly 30 seconds slow.
Although the energy shortfalls responsible for major power interruptions and frequency drops amount to
only a tiny fraction of the total energy
delivered by the bulk power system,
they have significant social, economic,
and political impact. Furthermore, the
situation promises to get worse. Given
the delays in construction of new generation and transmission facilities
caused by economic and environmental pressures, it is clear that in the next
decade the bulk power system will
have to be operated with reduced reserves. The system will become more
vulnerable to emergencies, and the
possibility of blackouts will increase.
With these problems in mind, both the
federal Department of Energy and the
Electric Power Research Institute, a
consortium of private utilities, are
funding programs aimed at better control of electric power systems.

Power pools in the United States and areas of Canada are interconnected through an
overall network designed to provide reliable and economic power. Connections are
shown as black lines.

THE HIERARCHY OF
POWER-SYSTEM CONTROL
The control of large-scale electric
power systems is a problem of fascinating size and complexity. More than
two million gigawatt-hours of electricity are generated annually in the
United States. There are approximately six thousand generating units,
some with capacities greater than
1,000 megawatts, all running in synchronism (that is, at the same frequency). This network of generating

units is governed by a hierarchy of
control systems designed to ensure
that, at each instant, generation
matches demand.
At the lowest level of the hierarchy,
there are complex control systems associated with each generating unit; the
coordinated control of all the mechanical and electrical equipment associated with a large super-critical
steam generator is a considerable problem in itself. Associated with this control system is protection equipment
designed to sense overloads and

emergency situations and protect the
unit from damage. The malfunctioning
of such protection equipment is believed to have been a contributing factor in the June 1977 New York City
blackout.
At the next level of control, the
combined output of many generating
units and the associated bulk-powertransmission system are coordinated
to meet system load economically and
reliably. Some eighty control centers
for real-time monitoring and control of
power systems are in service or under
construction in this country. These
control centers depend on extensive
computer systems to automatically
control generation and monitor the security of the system. (Many engineers
are surprised to learn that utilities
probably make more use of computers
than any other industry, including
banking.) An example of an on-line
control function is ' 'economic dispatch," which minimizes the combined costs of generating and delivering the next increment of power: the
cost of generating a kilowatt-hour of
electricity varies enormously from unit
to unit, depending on fuel costs and
operating status, so that it is frequently
cheaper, even if it entails increased
transmission losses, to purchase power
from a remote unit than to increase
generation locally.
A higher echelon of control operates
at the level of regional pools and even
among pools. Some 800,000 kilometers
of bulk power-transmission lines interconnect the system from coast to
coast, making possible the transfer of
power among many utilities in order to
reduce costs and improve reliability.
The sheer size of the overall interconnected network (thousands of non-

linear equations are required for a minimal description), together with its
constantly changing character because
of weather, load changes, equipment
failures, and even human action,
makes the system difficult to describe,
let alone control.
CONTROLLING POWER IN
STATES OF EMERGENCY
The problem of emergency-state control has received much attention in
recent years. A remarkable amount of
effort is devoted to maintaining system
frequency at 60 hertz, for if high-speed
generators lose synchronization by as
little as one quarter of a revolution,
chaotic conditions can follow quickly.
For emergency-state control, the
system must be able to deal with the
transient swings that can occur in a
multimachine power system after a
major disturbance. Imagine a "fault"
on a high-power transmission line carrying power from a large generator.
The fault—which is a short circuit to
ground caused by an unanticipated
event such as a lightning strike, a fallen
tree, or an equipment failure—is an
ionized path capable of supporting
immense currents, as high as
thousands of amperes. In order to
safeguard life and equipment, utilities
employ elaborate protection schemes.
Within a fraction of a second, the fault
is detected and located by a relaying
system, a signal is sent to a circuit
breaker, and current to the transmission line is cut off. Modern relaying
systems may involve fast microwave
communication between the two ends
of the line and use sophisticated solid
state logic; new microprocessor relaying systems promise fault detection in
as little as one quarter of a cycle (a

cycle takes one-sixtieth of a second).
In the circuit-breaking step, a short
delay may occur because of the high
current level: the circuit breaker must
wait for the oscillating current to pass
through zero in order to attempt an
interruption. In addition, there is the
possibility of equipment failure, requiring time for backup equipment to
be employed. Still, the maximum
fault-clearing time—the interval between the inception of the fault and the
opening of the circuit—will be of the
order of cycles.
Throughout the duration of the fault,
the mechanical output to the generator
remains constant because the reaction
times of mechanical systems are much
longer than fault duration. The electrical load on the generator, of course,
changes seriously during the fault. The
imbalance of mechanical input power
and electrical output power causes the
generator frequency to vary from the
system frequency, and when the fault
is cleared, the generator frequency
swings or oscillates about the nominal
value. Protection equipment cannot influence these swings; it can only determine whether they will damp out or

Like a giant toaster, this 1,400-megawatt
resistor, strung with steel wiring, dissipates power immediately after an
emergency fault, thereby preventing instability in the system. This resistor is situated
in northcentral Washington at the Chief
Joseph Substation of the Bonne ville Power
Administration. The Bonne ville system
handles the large amounts of power generated in the Grand Coulee and Lower
Columbia regions, as well as power purchased from Canada, and it is interconnected to many other systems in the western United States and Canada.

whether the unit will lose synchronism. In the latter case, the unit
is shut down, the steam generation
stopped, and the generator allowed to
coast. After such a shutdown, it may
be hours before a large super-critical
unit can be returned to operation. Not
only is the energy from the unit lost
during this period, but perhaps more
importantly, the system is made more
vulnerable to another contingency.
STRATEGIES TO KEEP
POWER UNITS ON LINE
The aim of research in the area of
power-system control during emergencies is to develop strategies and
techniques that will allow units to be
kept on line, maintaining the system's
integrity. The first task is to identify
available means of control: what actions or devices can be used to damp
the oscillations of a large generating
unit. Since the oscillations are produced by an imbalance of electrical
and mechanical power, several control
means come to mind:
• Fast valving. One obvious control
mechanism would be to decrease the

mechanical input power to the turbine.
This can be accomplished by rapid
closure of steam intercept valves.
• Dynamic braking. A resistive element installed at or near a generator
can be used to substitute for the
momentary loss of load during a transient fault. A few such dynamic brakes
have been installed in the United
States, Canada, and the Soviet Union.
The 1,400-megawatt dynamic braking
resistor installed at the Bonneville
Power Administration Chief Joseph
Substation consists of 45,000 feet of

half-inch stainless steel wire strung on
three towers. It is designed to dissipate
1,400 megawatts for three-second
intervals between cooling periods.
• Momentary load interruption. If interruptable loads can be identified, the
balance of power can be maintained by
momentarily interrupting these loads
during the transient interval.
• DC line modulation. Where DC
lines exist in parallel with AC transmission lines, a control system that
implements power flow reversals at
rapid rates can be used.

THE THEORETICAL BASIS
OF CONTROL STRATEGY
Once an appropriate combination of
control means has been identified, a
control strategy compatible with the
physical constraints of the power system must be developed. Existing control theory is frequently inadequate for
formulating such a strategy.
One problem is that although modern control theory generally calls for a
centralized system, real systemcontrol strategies are intrinsically decentralized and, to a degree, hierarchical. It.is not possible to imagine a
centralized control strategy, operating
with global information about the system, controlling the insertion of a braking resistor at a remote location: the
transient event is too brief and the
physical system is too large to be handled by any strategy other than local
control coordinated with a higher-level
or supervisory control. The decision to
insert the dynamic brake must be made
locally, on the basis of local information, in a way that assures stability of
the overall system. The Northeast
blackout of 1965, for example, could
have been contained if localized con-

trols for fast load-shedding had been in
effect. The scope of the blackout could
have been limited to Ontario, where
the loss of lines occurred, or at least to
Canada or the area including western
New York State, instead of encompassing New England and New York
City as well.
A second practical difficulty concerns the accuracy of the mathematical
models used to describe the transient
event and system response. Many optimal control solutions are very modelsensitive; that is, an optimal solution
for a given set of model parameters is
not even a stable solution if the
parameters vary slightly. Strategies
based on inappropriate system representations may produce problems of a
transient nature while attempting to
prevent loss of synchronism. For
example, the switching of certain network elements can induce unwanted
electrical line transients or subsynchronous resonances. Given the complexity of models for power systems
and the ever-present uncertainties,
robust solutions must be found which
assure stable operation for all foreseeable parameter variations.

Generating plants in a wide range of types
and capacities come on line in the interconnected power grid serving the United
States and parts of Canada.
Left below: Tall power-plant structures
have become modern landmarks. In this
aerial photograph, the smokestacks and
cooling towers of the coal-fired Amos plant
of the American Electric Power Service
Corporation emerge from ground fog over
West Virginia.
Below: At the Amos plant, piles of coal
surround the stacks and cooling towers.
This plant has a capacity of 2,600
megawatts.

THE CORNELL RESEARCH
ON SYSTEM STABILITY

Right: Recent Cornell work on fault
analysis of large electric power systems
includes the construction of a computermanaged model of a large generating plant
and its associated power network. K. K.
Oey (at left) built the model for his Ph.D.
thesis project. The supervising electrical
engineering professors were Simpson
Linke (at center) and Robert J. Thomas (at
right).
This unique model employs computer
techniques that allow rapid application of
faults, with subsequent detection and correction functions that occur in fractions of
a second, thus providing "on-line" simulation of the control of system disturbances.
In the photograph, a mechanical model
simulating a generating plant is seen on the
laboratory bench. Accompanying analog
computers that govern turbine and
generator action are at left. When the
system is subjected to a severe short circuit, control signals are generated by a
minicomputer and transferred back to the
model system, initiating corrective measures. Information is automatically recorded and stored for later display and
analysis.

A research program at Cornell's
School of Electrical Engineering has
focused on developing control techniques that will guarantee the stability
of large-scale electric-power systems,
including the even more massive
power grids that are being planned for
the United States and Canada. A current project in which I am participating, along with Professors Robert J.
Thomas and Christopher Pottle, is
supported by the Department of Energy at a level of about $ 100,000 a year.
In this work, we are extending appropriate stability ideas to large-scale
systems and developing a new theory
of guaranteed stability, called durability analysis. In this sense, durability is
considered the ability of the system to
sustain and recover from severe disturbances without exceeding prescribed limits. Guaranteed stability, a
relatively new concept, involves a
mathematical model that incorporates
bounded but unknown disturbances. It
provides an alternative to the currently
used stochastic formulation, which

fl' -

l,i

m

HI

M

depends on a statistical description of
the disturbances. In the durability approach, what is sought is the best
operating policy for guaranteeing satisfactory performance of the system
under the worst possible disruptions
for which there are remedies. Durability may be conceived in terms of an
imaginary space partitioned into acceptable and forbidden regions, a durable system being one that remains in
the acceptable region for all admissible
parameter variations.
The durability approach to powersystem control has several advantages
over the stochastic approach. One is
that it encompasses operating and control policies, as well as engineering
problems. Traditionally these two areas
have been considered separately, but
in reality they are closely related: the
effectiveness of an emergency control
measure depends on the stability of the
system, and the stability of the system
depends on the operating and control
policies. Another advantage of techniques based on the concept of durability is that they are designed to handle
the worst disturbance capable of correction. Stochastic models pertain to

&SSKk

. . . the techniques are naturally suited
to power systems and offer a workable means
of preventing large-scale failures.'

the probable rather than the worst disturbances; moreover, the statistics
needed for derivation of the random
variables are not available. Although
the mathematics of durability theory is
complex, beyond the scope of this
article, the techniques are naturally
suited to power systems and offer a
workable means of preventing largescale system failures.
The work we are doing at Cornell is
exciting because of the intellectual
challenge of developing a control
theory applicable to a system of immense size with imprecisely known
dynamics. It is exciting also because of
the scope and importance of this control problem. The development of adequate control techniques is essential to
the operation of the bulk power system
of the future.
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James S. Thorp, a professor in the College's School of Electrical Engineering, is
a specialist in the field of automatic control

of electrical systems, concentrating on the
structure and mathematical description of
control processes.
Born in Kansas City, Missouri, Thorp is
a graduate of Cornell, which awarded him
the B.E.E. degree in 1959, the M.S. in
electrical engineering in 1961, and the
Ph.D. in electrical engineering in 1962. In
that year he joined the faculty at Cornell as
an assistant professor. In the summer of
1967, he worked in the advanced avionics
division of the General Electric Company;
he has also been a consultant locally for
General Electric and for ADC OM, an electronics firm in Boston. In 1969-70 he was a
member of the Washington operations

technical staff in the operations analysis
department of the TRW Systems Group. In
1976-77 he was a faculty intern at the
American Electric Power Service Corporation, where he continues to be a consultant.
His current research interests include
the study of large-scale system problems
associated with electric power systems,
digital relaying techniques, and problems
of guaranteed system performance.
In 1967 Thorp was chairman of the
Ithaca section of the Institute of Electrical
& Electronics Engineers; he is also a
member of the American Association for
the Advancement of Science, Tau Beta Pi,
Eta Kappa Nu, and Sigma Xi.

HOW CONTROL THEORY
IMPROVES CANCER THERAPY

by Myunghwan Kim
Differences in the growth patterns of
proliferating cancer cells and normal
cells offer a way of approaching the
basic dilemma of cancer chemotherapy: how to control the tumor without
killing the patient.
When a disease is the result of an
invasion of one organism by another,
the problem of how to treat it is fairly
straightforward: one finds a medication that kills only the invader. But
what of cancer? Here the disease is the
host's own cells, mutated in a way that
causes their uncontrolled multiplication, but not so different from normal
tissue as a foreign invader would be.
The therapist must proceed carefully,
seeking to control the growth of malignant cells without interfering too much
with the normal reproduction and replacement of healthy tissue.
Here is where control theory enters
the picture. The application of techniques familiar to engineers but new to
physicians promises to provide guidelines for therapeutic decisions—
guidelines for the choice and administration of drugs that will maximize
their toxicity to malignant cells and
minimize the damage to normal ones.

MODELING FOR THE BEST
TREATMENT STRATEGY
The growth and control of cancerous
cells in the body is understood in terms
of cell kinetics, the quantitative study
of proliferating cell populations and
their response to therapeutic agents.
Over the past twenty years, researchers have found that there is sufficient structure in the biological system to permit mathematical modeling,
and recently developed experimental
techniques such as flow microfluorometry and velocity sedimentation
have begun to provide the data needed
to make the models useful. The importance of control theory in cell-kinetic
studies is that it provides a systematic
basis for the formulation of models, the
identification of parameters, and the
optimization of treatment strategies.
At the heart of cell-kinetic techniques is the regularity of the growth
cycle of actively proliferating cell populations (as illustrated in Figure 1).
Immediately after division, or mitosis
(the M phase of the cycle), each cell
undergoes a regular period of growth
(the G1 phase), followed by a period

(the S phase) during which cell DNA is
synthesized as part of the process of
chromosome replication, and then a
second growth period (the G2 phase).
This is followed by mitosis again, and a
repetition of the cycle by both of the
daughter cells. A cell may be described
in terms of its physiological age—that
is, by how far it has progressed through
the cycle. Over a population of cells,
the lengths of the phases can be represented as a well defined distribution,
and therefore a model describing the
average behavior of the population can
be made.
The modeling problem is complicated, however, by the fact that not all
cancer cells grow actively at all times
in their life cycle; the growth of many
cells is arrested in either the G, or the
G2 phase (never in the S phase), and
these resting, or Go, cells must be
included in the cell-population model.
Also, there are several classes of functional, actively growing tissues, such
as bone marrow, that must be modeled
differently. Still other models are
needed to describe populations of
nonproliferating cells, which include
dead or dying cancer cells as well as
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Figure 1. The life cycle of mammalian
cells. M is the mitotic, or cell-division
phase; G1 is the postmitotic, or presynthetic phase; S is the phase ofDNA synthesis; and G2 is the premitotic, or post synthetic phase. The overall duration of the cycle
is TQ and N represents the total number of
compartments in the mathematical model'.
This cycle pertains to malignant cells as
well as those of normal growing tissues.
Anti-tumor drugs act by killing cells or by
arresting the cycle and thereby blocking
mitosis. Blocking can occur in either the G1
or G2 phase, but not in S. Arrested cells are
classified as Go.
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cells in normal tissues; each of these
requires a specific model.
The object of chemotherapy is to
disrupt the normal kinetics of the entire population of cancerous cells. In
using models to devise optimal treatment regimes, we must know the effects of specific anti-cancer drugs.
Some drugs are more effective against
cycling cells than noncycling cells;
others are most effective against cells
in particular stages of the cycle.
The major effect of the therapy is the
killing of cells. Since each drug can be
characterized by a response function
dependent on dose level and cell age, a
variety of strategies involving both
dosage levels and timing schedules can
be employed to optimize the destruction of the cancerous tissue with the
least possible effect on normal tissues.
Another effect of therapy is a blocking
of progression in the life cycle. In the
presence of some drugs, cells are not
able to proceed to the next phase. For
instance, cells in the G^ stage may be
blocked from proceeding to the S stage;
those cells that were at other stages
when the drug was introduced continue through the cycle until they come

around to the GA phase and are also
blocked. Although cells are not killed
by this kind of drug action, they are
prevented from proliferating.
An additional effect that must be
considered in formulating the therapy
regime is the lethal damaging of cells.
These doomed cells may continue to
cycle for many hours before they die,
and because they are ordinarily indistinguishable from uninjured cancer cells,
they can be misleading. Often they are
unable to divide, giving the appearance
of a mitotic block, while actually a
dangerous surviving population continues cycling.
A number of basic kinds of models
have been used to characterize tumor
growth and the effects of therapy. The
first models, developed before the days
of cell kinetics, used a simple variation
of the exponential growth formula to
predict total population size in the absence of any external perturbation
(such as that caused by the introduction of a drug). The Gompertz equation, a sophisticated version of this
formula originally used by actuaries, is
still used, but it has limited value because in the presence of perturbation,

growth rates cannot normally be determined solely by population size.
The first cell-kinetic models were
designed to interpret data gained
through autoradiographic techniques.
One early version used Monte Carlo
techniques to simulate a cell-renewal
process; although this method provides accurate steady-state solutions,
it is not reliable under perturbation
conditions.
Most currently used models are
based on compartmentalization of the
cell cycle and a cellular conservation
law. In this approach, the cell cycle is
divided into a finite number of discrete
units, all of which must be passed
through by a growing cell. A set of
differential equations describing the
changes in the mean number of cells in
each compartment is derived, giving
discrete values for cell age in each
compartment; the time variable is considered as continuous. Since the dependent variables in these equations
are the state variables representing the
number of cells in each age compartment, the distribution of cells, with or
without perturbation, can be derived.
And since time is continuous, the

dynamics can be represented by a partial differential equation.
An alternative approach is the sample-data formulation, obtained by
making the time variable discrete. This
kind of model represents the cell population with an age vector—the number
of cells in each age compartment of the
cycle—and uses matrix transition
operators to describe the growth of the
population. The model also incorporates drug-therapy information as a
control function, and includes output
equations for experimental and clinical
measurements. Because of their special capabilities, these two kinds of
model provide a basis for the application of modern control theory.
IDENTIFYING THE KINETIC
PARAMETERS OF THE CELL

". . . the goals of
maximizing damage
to the tumor and
minimizing damage
to normal tissues
are conflicting"

Once a mathematical description of a
given cell system is made, one need
only deal with mathematical and computational manipulations. The mathematical model contains unknown
parameters which must be determined
from measurements of the cell system
before the model can be used to predict
kinetic states and design optimal
cancer-treatment schedules. These
parameters pertain to population dispersion throughout the cycle, the
death rate for proliferating cells, the
rate of transition of cells from phase G1
to Go, the recruitment rate of cells from
Go back into &,, the cell-kill rate of
certain anti-tumor agents, the cellblocking rate of these agents, and the
death rate of Go cells. The problem of
determining parameters, known as
parameter identification, is an important area in modern control theory.
Parameters are usually identified on
the basis of the differences between

actual data and information computed
from the model. The criterion is often a
minimization of a scalar loss function
that measures the fit between the
model and the experimental data. A
number of loss functions can be used
for this purpose, but in practice they
may lead to nonlinear programming
problems. The most popular, because
of its computational and conceptual
simplicity, is the least-squares function. A typical study for parameter
identification is illustrated in Figure 2.
The acquisition of data for use in
cell-kinetic studies made a quantum
leap with the introduction of flow microfluorometry (FMF). With FMF
techniques, data from growing cell
populations can be accumulated
rapidly in the form of distributions of
DNA content or cell size. There are
some problems that must be addressed, however. To date, all models
based on FMF data incorporate the
assumption that the only measurement
"noise" is owing to instrumental dispersion, an assumption that is often
invalid when the experiments involve
cells. For example, it is practically
impossible to completely avoid cell
clumping in the preparation of suspensions. Furthermore, the environment
in which the cells grow undergoes random fluctuations in temperature, nutritional status, humidity, etc., all of
which affect the kinetic parameters.
Additional sources of noise arise in the
very process of modeling the population's behavior: it is seldom possible to
include all biological phenomena
within the model, and very often
simplifying biological assumptions
must be made in order to obtain a
computationally tractable model.
These various noise terms can be
12
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Figure 2. An example showing how
parameters in a mathematical model of cell
kinetics are identified. Under study are
Eh Hie h Ascites Tumor cells as affected by
the anti-tumor agent bleomycin.
Each diagram presents predicted and
experimental information pertaining to a
discrete interval (hours are indicated in
parentheses) after application of the drug.
The plots show distributions of cell population, as represented by the number of cells
that contain different amounts of DNA
(normalized here). For example, a decrease in the overall number of viable cells
would be an indication of the inhibition or
killing of cells; an increase would indicate
cell proliferation. A shift in distribution to
the right would be an indication of cell
activity, since mitosis is preceded in the life
cycle by DNA synthesis.
The predicted values for doomed and
viable cells are determined from the mathematical model by computer simulation.
An identification of parameters is required
for this process, and the object of a study
such as the one illustrated here is to find the
best fit of the parameters with experimental data. The experimental points are
determined by flow microjluorometry.
This study demonstrates an important
factor in the design of therapy schedules.
Because the experimental measurements
do not distinguish between injured and
noninjured cells, the experimental points
correspond in the diagram to the sum of
predicted values for viable and doomed
cells rather than to viable cells only. This
demonstrates how experimental data can
be misleading: for an optimal therapy regime, the viability as well as the presence
of cells must be taken into consideration.

Figure 3

Figure 3. Comparison of responses to two
treatment schedules. The cells and the
drug are the same as those of Table I: the
experimental AKR leukemia and the drug
ARA-C. In each schedule, the same concentrations of the drug were used. The
graph in color represents an optimal
schedule and the graph in black represents
a schedule in common clinical use for the
treatment of human leukemia, which has
similar cell kinetics.

included in a stochastic model (one
including random variables). Using a
stochastic model and employing a special filtering technique, one can extract
true distributions from noise-affected
data. The stochastic model may represent the growth of the cell population
in continuous time or may use the
discrete-time approach. Sampling of
the system must be discrete, of course,
because of the discontinuous manner
in which data are obtained.
DESIGN OF OPTIMAL
CANCER-THERAPY SCHEDULES
One of the goals of this structured
approach to cancer research is the
application of mathematical models to
drug scheduling.
The best chemotherapeutic treatment of malignant disease is the one
that causes the greatest harm to cancer
cells with the minimum harm to the
host. Injury to the host includes damage done by the anti-tumor drug to
critical normal cells, such as those in
bone marrow or the gastrointestinal
tract, and any treatment must spare
such cells sufficiently to permit their
normal functioning. Preservation of

normal cell function is important also
in maintaining the patient's immunologic defenses and nutritional status. It
is obvious, however, that the goals of
maximizing damage to the tumor and
minimizing damage to normal tissues
are conflicting, since known therapeutic agents kill all cells somewhat indiscriminately. Optimal control provides
the means of resolving this conflict in
the best possible way.
In order to derive optimal treatment
schedules, it is necessary to know:
• the effect of the agent on the mitotic
cycle;
• the effect of the agent on cycling as
compared to resting cells;
• the effect of the agent on normal
tissues;
• the cell kinetics of the particular
tumor under treatment;
• the biological pharmacology of the
agent.
The systematic derivation of optimal
cancer-treatment schedules, which is
the object of our work at Cornell,
requires the assumption that all these
cell-kinetic parameters are completely
identified. At the present time, definitive information is usually incomplete,
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but available techniques are decreasing this information gap.
An illustration of the optimal therapy design method is shown in Table I
and Figure 3. The cells studied in this
work are those of an experimental
tumor, the spontaneous AKR leukemia, which is known to have cell kinetics similar to the cell kinetics of human
acute leukemia.
DRUG SCHEDULING
FOR MINIMAL TOXICITY
An example of how toxicity to the
patient can be reduced by careful timing of drug application is illustrated in
Figure 4.
The strategy used is to schedule a
patient's medication for those times
when the fewest normal cells are in the
phase of their cycle in which they are
most sensitive to the drug. It is possible to reduce the cancer cell population
significantly in both the schemes
shown in the figure. However, one of
the treatment schedules permits the
continued growth of normal cells during the therapy, whereas the other
schedule has the adverse effect of extensively destroying the normal cells.
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'. . . techniques familiar to engineers
but new to physicians promise to provide
guidelines for therapeutic decisions/

Figure 4
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Figure 4. Adjustment of a treatment
schedule to reduce toxicity. The lines in
black represent application of the optimal
control schedule which maximizes
cancer-cell death and minimizes the
amount of drug used. The lines in color
represent the same schedule, except that
drug applications have been timed to
minimize normal-cell death. These graphs
show that although fewer cancer cells are
killed by the second schedule (shown in
color), it provides better therapy because
normal cells arc much less affected: a
slight sacrifice in cancer-cell mortality
permits a large gain in the protection of
normal cells.

Table I. OPTIMAL DOSAGE SCHEDULE FOR ARA-C TREATMENT OF AKR LEUKEMIA
Total number
of applications*
0
1
2
3
4
5
6
7
8
9
10

Surviving cells at
end of treatmentt

Hours elapsed at time of each drug application*
64.2
54.8
45.4
36.0
26.6
18.0
8.6
0.0
0.0
0.0

64.2
54.8
45.4
36.0
26.6
18.0
8.6
8.6
3.1

64.2
54.8
45.4
36.0
26.6
18.0
11.0
8.6

64.2
54.8
45.4
36.0
26.6
18.0
11.0

64.2
54.8
45.4
36.0
26.6
18.0

64.2
54.8
45.4
36.0
26.6

64.2
54.8
45.4
36.0

64.2
54.8
45.4

64.2
54.8

64.2

*During a therapy period of 75.2 hours, fin millions; initial total cell population =.01 million cells.
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7.084136
5.239250
3.844346
2.848667
2.110232
1.574214
1.182794
0.895925
0.688142
0.545132
0.439964

CURRENT PROBLEMS
AND POTENTIAL BENEFITS
Although the structured approach to
cell kinetics outlined here has considerable potential, there are a number of
major problems to be solved. These
involve the availability of appropriate
data, the computability of the numerical solutions, and the appropriateness
of the models. At the moment, the
modeling of cell-kinetic systems is
considerably more advanced than the
experimental work needed to test it.
New experimental techniques are beginning to provide the needed data, but
until that work is more advanced, experimentalists should be aware of the
need for complete sets of data when
modeling is to be done.
Identifying the parameters of any
model presents significant problems.
Although the matrices used in models
are not large, many iterations are
needed to make the estimates of the
parameters; the calculations require
repeated use of complicated, nonlinear, constrained-least-squares algorithms. In addition, time-varying
and nonlinear properties of parameters

may have to be considered and may be
difficult to handle.
Despite the difficulties, modern control theory will be an effective tool for
improving cancer treatment. Chemotherapy is now the only available
means of combatting malignancies in
inoperable locations or those that have
spread widely throughout the body;
and optimal regimes for drug administration will help protect the patient
while the cancer is under attack.

Myunghwan Kim, a specialist in bioelectronics and control theory, is professor of
electrical engineering at Cornell. Born in
Korea, he came to the United States for his
university education in electrical engineering. He received the B.S. degree from the
University of Alabama in 1958, the M.E.
from Yale University in 1959, and the
Ph.D. from Yale in 1962. He joined the
faculty at Cornell upon completion of his
doctoral studies.
In 1968-69 he spent a sabbatic leave as a
National Academy of Sciences-National
Research Council senior postdoctoral as-

sociate at the California Institute of
Technology. There he began research on
the application of control theory to
neurological systems. Subsequently he received a special National Institutes of
Health Fellowship Award to support continuing research in this area at Cornell. He
also initiated research on the application of
modern control theory to design of cancer
chemotherapy, in collaboration with
cancer researchers at the National Institutes of Health, and with Professor Virginia Utermohlen of Cornell University. In
1970 a Bioelectric Systems Laboratory was
established under his direction at the
School of Electrical Engineering.
Kim''s academic and engineering experience includes a year of teaching at New
Haven College, several years as a research
engineer at Yale, and summer employment
with the Tennessee Valley Authority. At
various times he has served as a consultant
for the Bristol Company, IBM, the U.S.
Army Missile Command, and the National
Cancer Institute.
He has published numerous articles in
professional journals in the fields of control
theory and technology, including their applications to neurobiology and cancer
therapy. He is a member of the Institute of
Electrical & Electronics Engineers and
several honorary professional societies.
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CONTROLLING WEEVILS AND WORMS
The Use of Optimization Methods
in Pest Management

by Christine A. Shoemaker and Jery R. Stedinger
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In warm weather the alfalfa grows
luxuriantly. Unfortunately, so do the
larvae of the alfalfa weevil, and the
farmer's hay crop may be severely
depleted. Will early haying help or
make things worse? Should the fields
be sprayed or would spraying be a
dubious benefit, killing its natural
enemies as well as the pest and contaminating the environment in the process? If there is to be spraying, when
would it be most effective biologically
and economically?
Concerns like these, multiplied by
many farms and crops all over the
world, constitute serious economic
and environmental problems. In the
United States, annual crop losses
caused by pathogens, weeds, insects,
and other pests are estimated at about
30 percent of the total value of the
crops—and these losses occur in spite
of the extensive use of pesticides and
nonchemical means of pest control.
Pests are an even more serious problem in many other countries, especially those in tropical climates where
conditions are more favorable for pest
growth.
A concurrent problem is that at-

tempts to control pest infestations have
also caused environmental pollution.
It is estimated that almost one billion
pounds of pesticide (more than four
pounds of active ingredients per person) are used annually in the United
States. These materials vary widely in
their characteristics. Not all of them
represent a threat to the environment,
but some are highly toxic to fish, birds,
and other animals; and if nontarget
populations are not directly poisoned,
they still may be adversely affected if
their food source is killed. The deleterious effects of a toxic material are
minimized if it is converted into a
nontoxic metabolite before it comes
into contact with nontarget organisms
or if its toxic forms are sufficiently
diluted as they move through the environment. On the other hand, persistent
chemicals may cause additional problems if they are concentrated in the
bodies of animals near the top of a food
chain. Several insecticides, including
DDT, have been withdrawn for most
uses because of this biological concentration; however, their replacements
are frequently more toxic to humans
and other organisms.

To add to the difficulties, problems
with the cost and effectiveness of pestcontrol methods and the associated
risks of environmental contamination
have been exacerbated by the ability of
many pests to develop resistance to the
pesticides. The result has been an increase in application rates, in costs,
and in the impact on surrounding environments. And even with higher rates
of application, the pesticides are often
less effective than they had been
against susceptible populations.
In trying to reduce crop losses in the
face of all these problems, agriculturalists have attempted to combine control
methods into the best possible management programs. Because this is an
exceedingly complex process, mathematical modeling and optimization
methods have now become an integral
part of the research efforts. The aim of
most of these efforts is to more effectively integrate different pest-control
methods with each other and with the
dynamics of the ecosystem, an approach that is usually referred to as
integrated pest management. It is a
technique that our group in environmental engineering has helped develop

' 'In the United States, annual crop losses
caused by pathogens, weeds, insects,
and other pests are estimated at about 30 percent
of the total value of the crops"

and has applied—in cooperation with
members of Cornell's College of Agriculture and Life Sciences and with
the U.S. Forest Service—to a number
of specific ecosystem management
problems. Two of these will be described briefly here.
CHOOSING CONTROL METHODS
FOR MANAGEMENT PROGRAMS
The application of chemical pesticides
is the method of pest control most
familiar to laymen, but there are many
other useful techniques, including cultural practices, biological control
methods, and the substitution of plant
varieties that are resistant to pest damage. The object of all of them is either
to suppress the size of a pest infestation or to prevent the pest from inflicting damage.
Cultural control methods involve
procedures that physically change the
crop environment. Crop rotation, destruction of crop remains, or changes
in planting or harvesting times are
examples. The removal of corn stubble, for instance, helps prevent infestations of the European corn borer,
which overwinters in stalks left in the

field. Insect damage can also be
avoided by timing the planting and
harvest of crops so that the stages
during which the plant is susceptible to
damage do not coincide with a pest
infestation. Harvesting itself can be a
major cause of pest mortality, and
choosing the time of harvest to
maximize this effect is another means
of control.
Biological control generally entails
the use of indigenous or imported
species that attack or interfere with
pest populations; for insect-pest control, the most important agents are
predators and parasites which are
themselves insects. Many "beneficial
insects" have recently been introduced, with notable success, to combat specific pests. However, the population dynamics of the beneficial
species must be analyzed to ensure
that its introduction will not itself seriously disrupt the ecosystem. Biological control is also provided by pathogens that attack insects. Natural microbial control can be augmented by
commercially produced microbial
agents that can provide fast and shortlived control and are therefore applied

much like insecticides. More recently
developed biological-control techniques include the use of sex attractants, the release of sterile males, and
the application of materials containing
juvenile hormones that interfere with
the insect's ability to mature.
The use of resistant plant varieties is
an important means of pest control.
Mechanisms of resistance are quite
varied. Some plants contain chemicals
that are toxic to insects; others have a
physical characteristic, such as a tough
surface, that helps prevent damage.
Some varieties can compensate for attack by quickly growing new tissue,
and some are more resistant because
they mature quickly, before the pest
infestation reaches its peak.
For some pests and crops, however,
insecticides are the only effective
means of control available. A major
advantage of many insecticides is that
they give fast results and can be
applied only at times when a pest infestation is serious enough to justify
treatment. Farmers are advised to use
insecticides only when factors governing the effectiveness of a treatment are
such that the treatment cost is less than
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the value of crop that would otherwise
be lost. Such factors include the pest
density, the age distribution of the pest
population (at some stages the pest is
more vulnerable than at others), the
maturity and vigor of the crop plant,
the size of beneficial insect populations, and the weather.
Integration of all these possible control means is complicated by interactions among pest, crop, and predator
populations. For example, insect parasites and predators may be vulnerable
to the chemical and cultural control
methods aimed at suppressing the pest
population. It is this complexity that
makes mathematical analysis such a
useful tool in pest management.
FINDING THE OPTIMAL
PEST-MANAGEMENT PLAN
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The development of an optimal management plan begins with a simulation
model that attempts to describe the
dynamics of the ecosystem by describing the interactions among pertinent
factors. As we have seen, these factors
may include weather conditions, a
population's age structure and spatial
distribution, changes in the susceptibility of a crop to damage, and the
degree of synchrony between the
populations of a predator and those age
classes of the pest that are vulnerable
to predator attack.
Simulation models, which have been
widely used in entomology to study the
dynamics of crop ecosystems, typically have the form
x(t+l)=G t [x(t),v(t),w(t)]
where x is a vector describing the state
of the ecosystem, v(t) describes the
management decisions, and w(t) corresponds to uncontrollable weather factors. Typical components of the vector

x include the number of insects in each
pest age class, the amount of crop
foliage available, and the number of
parasites; sometimes state variables
are also used to describe spatial variation in pest density or in crop damage.
The components of the control vector
v describe management decisions like
the amount of insecticide applied or
the fraction of crop harvested. The
values of v(t), with t= 1 , . . . N, must be
specified, or else a general rule for
determining v(t) as a function of x(t)
must be given. The values of w(t) may
be taken from observed weather patterns or they may be randomly generated on the basis of specified probability distributions.
To examine a number of management alternatives, a simulation model
could be used to evaluate the consequences of implementing each possible
alternative. The difficulty with this
trial-and-error approach is that there
may be thousands of possible and reasonable pest-management policies.
For example, deciding whether or not
to apply an insecticide during each of
twelve time periods can generate
2 12 =4,096 different possible schedules
for insecticide treatment. The number
of options can easily rise into the millions if biological and cultural pestcontrol methods are to be integrated
with pesticide applications. Given the
cost of making each simulation with a
detailed population model, it is generally not feasible to consider all possible
combinations of alternatives by exhaustive simulation. In order to overcome this difficulty, optimization
methods have been used to select the
best dynamic policy to manage the
crop ecosystem under changing and
uncertain weather conditions. With

optimization methods, the best policy
is computed with a numerical algorithm which does not require
exhaustive simulation of all possible
management alternatives.
AN OPTIMIZED STRATEGY
FOR CONTROLLING WEEVILS
The development of a strategy for controlling the alfalfa weevil is an example
of the use of optimization methods in
pest management. Alfalfa, an important source of protein for livestock, is a
major crop; its most serious pest is the
alfalfa weevil. An optimization model
developed by the senior author to
analyze alfalfa weevil management incorporates biological, cultural, and
chemical means of control.
The interactions among the main
components of the alfalfa ecosystem
are illustrated in Figure 1. Because
weevil eggs are laid over a considerable range of time, there is an overlap
between the occurrences of different
stages of development, called instars,
as illustrated in Figure \a. An important component of the system is
Bathyplectes curculionis, a parasite
that attacks second-instar larvae; Fig-

The larva of the alfalfa weevil (below)
causes its greatest damage on the crown
bud of the plant, since regrowth is retarded.
The work of the larvae on the alfalfa
leaves is demonstrated by the photographs
at right. The top picture, taken in late May,
shows very little damage; the lower photograph, taken in mid-July, shows the results
of extensive feeding by the larvae.

ure \b illustrates how the degree of
synchrony between B. curculionis and
the susceptible larvae depends upon
the weather. Possible effects of haying
time are illustrated in Figure lc.
The most widely used means for
controlling this insect in the Northeast
is to cut the hay when most of the
larvae are small (first or second instars) and are killed by harvesting.
Alfalfa is usually harvested three times
a year; if weevils are not killed in the
first harvest, they can seriously retard
subsequent growth. Another factor is

insect population level: if weevil densities are low, annual yields are maximized by making the first harvest
rather late. The optimal harvest time
depends also upon the weather during
the growing season, because both
maturation of weevil populations and
the growth of alfalfa are stimulated by
warm temperatures.
Weevils can also be controlled by
the application of insecticides just after
the first harvest. The pesticide is toxic
to adult weevils and large larvae—the
small larvae that survived the cutting

remain inside the compressed leaves of
the plant and are less likely to come in
contact with the chemical. Unfortunately, the pesticide is toxic also to the
parasite, a factor that must be taken
into account.
The optimal control strategy for the
alfalfa ecosystem was computed by
using an optimization method called
dynamic programming. The objectives of the optimization model is:
N

Maximize E V pt Y [x(t), v(t)]-Ct [v(t)]
where E is the expected value and the
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Figure I

Figure I. A schematic description of the
dynamic interactions among populations
in an alfalfa ecosystem. In (a) the age of
each larval instar population is represented; the Roman numerals I through IV
refer to the first through fourth larval instars. The curves in (b) illustrate variations
in synchrony between the populations of
the pest and of its parasite. The timing of
the susceptible second instar (II or II')
depends upon weather conditions. The
curves in (c) describe the amount of har-

vest able alfalfa in the field if the first
harvest occurs at time t1 or at a somewhat
later time t-,'. The dashed lines represent
harvests and the ascending curves show
crop growth.
Figure 2. Optimal times of alfalfa harvesting. Factors are the density of alfalfa
weevils, the density of parasites, and the
weather. The dotted areas indicate recommended times for insecticide application, in accordance with the optimal policy.
Figure 2
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The values of the functions Gj are
computed from a detailed population
model which incorporates the effects
of temperature and time of harvest on
pest age structure, on parasitism, and
on crop growth. The parameter values
in the population model were based
upon data for the Ithaca area collected
by two professors in the Cornell College of Agriculture and Life Sciences
— Robert G. Helgesen of the Department of Entomology and Gary W. Fick
of the Department of Agronomy.
From this optimization model, optimal harvest dates can be calculated
as a function of weevil and parasite
densities and the overall weather pattern. Typical charts constructed from
such data are shown in Figure 2. The
results indicate that as the overall temperature of a season becomes warmer,
the optimal harvesting dates become
earlier. These results are reasonable,
since both weevils and alfalfa grow
more quickly in warm weather. In a
warm season, weevil control must
occur early in order to be effective; and
since the crop matures more quickly,
an early harvest causes less of a reduction in yield.

MODELS FOR CONTROL
OF THE SPRUCE BUDWORM
System analysis techniques are also
being used in a large project to find
better means of controlling the spruce
budworm, a native insect of the balsam
fir and spruce forests in northeastern
areas of Canada and the United States.
Periodically, endemic budworm populations explode to very high densities
and, over a period of three to five
years, consume almost all the foliage
of the fir and spruce trees on which

they reside. The widespread tree mortality that results depletes the supply of
wood for the lumbering and paper industries and detracts from the scenic
beauty and recreational value of the
region. Such an epidemic is now occurring, and the application of pesticide to millions of acres of forest has
not been successful in eliminating it.
We are participating, in a new project
funded by the U.S. Forest Service, in a
large research effort aimed at finding
better means of control.
In the overall project, the first ef-
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Three stages in the life cycle of the spruce
budworm are (1) the larva, which feeds on
the foliage; (2) the pupa, shown in its
pupation shelter; and (3) the moth, which
lays the eggs (egg masses are seen on two
of the needles at upper left). The moth
disperses an infestation for distances of up
to one hundred miles.
Typical defoliation caused by larval
feeding, and webbing formed by the larvae,
are shown in (4). Festoons of silken strands
(5) produced by the larvae are a noticeable
sign of budworm infestation; in heavily
affected areas, the strands may cover the
trees, particularly in the lower branches.
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forts were to develop a basic simulation model incorporating the budworm
population dynamics in each of the
important life stages, particularly the
stage in which egg-bearing female
moths disperse over distances often to
one hundred miles, thus spreading
budworm outbreaks. In subsequent
optimization attempts, dynamic programming has been used to try to identify good strategies for harvesting and
insecticide spraying. Basically, two
optimization approaches have been
considered.

In the first approach (developed by
George Dantzig and Carlos Winkler of
the International Institute of Applied
Systems Analysis in Vienna, Austria)
the management of a single tree or a
single stand of trees all of the same age
is optimized over time. In a given year,
the options are to harvest the entire
stand, to spray the entire stand, or to
take no action. A dynamic programming algorithm can be constructed to
determine the optimal management
policy for the stand as a function of the
age of the trees, the density of the

budworms, and the condition of the
foliage. There are two major drawbacks to this approach. The first is that
the assumption of homogeneity is
faulty: most forests are composed of
trees with a range of ages. The second
drawback is that in the formulation of
the problem, the dispersal of budworm
populations among different stands in
the forest is not considered.
An alternative dynamic programming approach has been developed
by Stedinger. In this formulation, the
model represents the dynamics of a

"The aim . . .is to more effectively integrate
different pest-control methods with each other
and with the dynamics of the ecosystem''

large forested area within which the
age structure of the forest is assumed
to remain constant over time because
growth is balanced by harvesting. This
assumption greatly reduces the dimensionality of the state space and makes a
dynamic programming solution feasible. Spraying strategies have been derived for a large forested area with the
constraint that significant tree mortality due to budworm defoliation will be
prevented, thus ensuring that the assumed age structure of the forest is not
disrupted. Even this model fails to
incorporate the consequences of budworm dispersal among different areas;
however, ways of overcoming this deficiency are being developed as part of
our new research project.
IMPLEMENTATION OF MODELS
AND THEIR SIGNIFICANCE
Prospects for reducing the tremendous
crop losses caused by pests are considerably better than they were before
the application of mathematical modeling and optimization. As we have seen,
mathematical models are a valuable
tool in understanding interactions
among populations and weather in a

crop system, and they are very useful in integrating a number of
pest-management techniques and in
estimating the best timing for pestcontrol operations. This use of models
is expected to increase.
Mathematical models can aid in the
development and implementation of
pest-management programs in several
ways. One way is through pest-control
recommendations published by extension agencies: mathematical models
can be an integral part of the research
program upon which an agency's recommendations are based. More directly, mathematical models can be
used in conjunction with pestmanagement programs that utilize
computerized input and output. In
such a system, data gathered from a
network of weather-monitoring stations and from field measurements of
pest density are stored in computer
files for use with a simulation model to
predict the likelihood of a pest outbreak in a given locality and the advisability of a pesticide application.
The information can then be made
available through computer access.
The alfalfa weevil program in Indiana

is an example of this kind of service.
Extension agents are able to make
recommendations for each region on
the basis of the model forecasts and
their own knowledge of the locality,
and the regional recommendations are
entered into a computer file that can be
accessed from teletype terminals located throughout the state.
The practical usefulness of techniques such as these depends, of
course, on the suitability of the mathematical model and mathematical
techniques used for the analysis, as
well as on the soundness and completeness of the data. In our research,
the goal is to help coordinate the work
in these two areas of data collection
and data analysis, as well as to develop
the models and techniques.
The appeal of research in this fieid is
partly the challenge that pest management continues to offer, and partly the
significance of potential results. In a
world of increasing population and
economic stress, a control methodology that helps increase agricultural
productivity is a valuable weapon
against malnutrition and starvation.
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Daniel P. Loucks and Douglas A. Haith,
on water resource systems planning and
analysis; it is due to be published late in
1980.

THE BEAUTIFUL SIMPLICITY
OF FEEDBACK CONTROL

by Richard M. Phelan
More manhours, money, and intelligence have been wasted in the area of
control systems than in any other area
of engineering. I have come to this
conclusion after many years of teaching, listening to technical presentations, and working with engineers in
industries and in research laboratories.
Undeniably, many fascinating and
worthwhile control systems have been
designed and implemented. But better
systems could have been achieved
with much less effort if the academic
penchant for making things more
complicated—that is, more mathematical—had not run rampant early in the
game.
A decade ago, while on sabbatic
leave at the Lawrence Livermore
Laboratory, I ran across an idea that
has slowly developed into a new way
of designing feedback
control
systems—a simplified approach that
results in performance better than that
obtainable by any other available
method. In this article I shall develop
the theory and practical concepts related to feedback control systems as
they should have been done many
years ago. Specifically, I shall show

how optimum performance c^n be
achieved with design techniques that
combine simple mathematics and a
good physical understanding of the
system.

ENERGY CONTROL:
THE BASIC FUNCTION
All control systems—biological, sociological, engineering, or any other
kind—are concerned with the control
of energy. This simple concept is fundamental to an understanding of control systems in the real world; and
since practically everything in engineering involves the use, and therefore the control, of energy, the study of
engineering could logically be defined
as the study of control systems.
Every control system includes an
energy source, called in design terminology the final control elements,
and an energy sink, called the controlled system (other common terms
for the controlled system are plant and
process). Although the final control
elements and the controlled system
may each be complex systems, they
can be represented by blocks, as
shown in the figures.

The vast majority of control systems
is of a simple on-off, manually operated type called a manual open-loop
control system (see Figure 1), in which
energy is delivered by the final control
elements in response to a command. (It
is important to note, however, that the
controlled system responds to the total
energy input, which may come from
external sources as well as from the
final control elements, and that it is
possible for energy to be removed
from, as well as delivered to, the controlled system.) The measure (m) of
energy input or withdrawal is usually
determined by what is most practical in
a given situation; m should be a unit of
power, but power is usually expressed
as a product of quantities—such as
voltage times current, force times velocity, or temperature times mass flow
rate—and it is much easier to work
with a single quantity—voltage or current, force or velocity, temperature or
mass flow rate. The desired response
of the controlled system is called the
reference input (r) and the response of
the system is expressed as the controlled variable (c). The purpose of the
system is to make c equal to r.
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". . . optimal performance can be achieved
with design techniques that combine simple mathematics
and a good physical understanding of the system.''
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In Figure 1 (and the following figures), the arrows do not indicate the
direction of energy flow; rather, they
indicate the direction of cause and
effect. Theoretically, the response of
the final control elements has no effect
on the command, and the response of
the controlled system has no effect on
the output of the final control elements. With real devices and components, matters are not often this simple, of course, and a block diagram
such as the one in Figure 1 is only a
useful approximation.
A manual control system is converted into an automatic one by introducing a third component, ^controller,
that, in response to a command, takes
charge and makes the system perform
without further attention. This kind of
system is diagrammed in Figure 2.
Automatic open-loop control systems
are widely used in machine tools and in
processing operations in which a sequence of open-loop operations is
made on a single piece or assembly.
Many kinds of programmable controllers, from mechanical relays to microprocessors, are available for such
systems.

ADVANTAGES OF FEEDBACK
CONTROL SYSTEMS
Open-loop control systems are quite
adequate in many applications, and
their relative simplicity and low cost
make them the obvious choice in such
cases. They do have one very serious
limitation, however: for optimal performance, all the parameters of the
system must be known accurately for
all time. The two major problems here
are that (a) many parameters cannot be
determined precisely at a given time,
and (b) many parameters, particularly
loads, vary unpredictably with time.
The solution is to use a closed-loop
(feedback) control system.
One example with which everyone is
familiar is in the heating of living space.
There is no way to have a comfortable
temperature, except momentarily, if
the rate of heat input is a fixed value for
all time. Obviously, someone could
turn off the supply of energy when the
room gets too hot and turn it back on
when the room gets too cold; such a
procedure would convert an unusable
control system into a usable one. In
engineering terms, it would convert an

open-loop control system into an automatic closed-loop control system. In
a feedback operation, the controlled
variable (the temperature) would be
compared with the reference input (the
desired room temperature) and, if the
temperatures did not agree, a command would be given to the final control elements to correct the error by
changing the energy input.
In this example, a person functions
as the controller in an automatic feedback control system. Human beings
have one advantage over inanimate
controllers: they can look ahead and
begin to change the rate of energy
delivery before there is a change in the
error. Aside from this, humans are not
desirable controllers. They are slow,
they tire readily, they are not consistent, and they are expensive. Consequently, the term feedback control is
understood to imply the use of an
inanimate controller. Also, since feedback control systems are inherently
automatic, the word "automatic" is
redundant and need not be used. (This
is not to say that automatic and feedback are synonymous words, although
for many years most engineers, includ-

Figure 1
Figure I. Simple manual open-loop control
systems. Probably the simplest example is
the turning on and off of lights in a room:
the energy supply is the external power
line, the wall switch constitutes the final
control elements, the bulb and related wiring are the controlled system, and the
response is the turning on or off of the light.
In the general form of the block diagram,
some common engineering terms are introduced. The reference input r is, in general, the desired response of the controlled
system. The letter m stands for the measure, or level, of the rate at which energy is
put into or withdrawn from the system. The
controlled variable c is the measure of the
response of the controlled system. The load
1 represents the sum of all energy inputs or
withdrawals that are not the output of the
final control elements. In this general diagram (and in all later figures) the dotted
line labeled "energy supply" is omitted,
since the actual energy supply to the final
control elements must exist or there is no
control system.
Figure 2. Simple automatic open-loop control systems. The example in Figure 1 of a
simple lighting control system becomes
automatic with the addition of a timer to
turn lights on and off at specified times (for
instance, to make a house appear to be
occupied when it is not). In such a system,
the final control elements would probably
consist of a mechanical or solid-state relay; the controller and final control elements would probably be located in the
same box, although conceptually they are
independent. The parameters r, m, 1, and c
are as defined in Figure I.
In real systems it is generally the case
that m-,, the level of energy delivery to the
final control elements, is low-power (basically conveying information only), and m2
is at a much higher level of power. Thus
power amplification is provided by the final
control elements, although there is a
maximum rate at which the energy can be
delivered to the controlled system.
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Figure 3
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ing this one, have incorrectly used
them as synonyms.)
The general block diagram for a
feedback control system is given in
Figure 3. The way such a system works
is exemplified by an ordinary residential heating system. The controller is
usually a simple thermostat containing
contacts that close when the room
temperature drops below the value set
on the dial and open when the room
temperature rises above that value.
This control algorithm is known as
29 on-off or two-position control. It is by

m2

m

3 .

controlled
system

far the simplest and cheapest control
algorithm to implement and it is used in
many more feedback control systems
than all other algorithms put together.
Other familiar applications include
ovens, water heaters, coffeepots, air
conditioners, and pressure systems for
private water supplies.
Let us take a closer look at the
simple winter-time operation of a residential heating system to see some of
the benefits of feedback control. We
know from experience that as long as
the system has sufficient capacity (fi-

Figure 3. Closed-loop or feedback control
systems. A simple example is a thermostatically controlled home-heating system.
In the block diagram, the forward loop
runs left to right from the reference input r
to the controlled variable c; the feedback
path or loop, shown in color, runs in the
opposite direction. As in the previous figures, 1 is load and m represents energy
input or withdrawal. The circles indicate
summing (or differencing) points; the control algorithm comprises the logical and
mathematical operations performed by the
controller; and error e is r minus c. (This
definition of error is contrary to ordinary
usage, but is convenient in control systems
because the sign of the error determines
the direction in which the controlled variable is moved.)
The controller serves two separate functions: (a) it compares c with r to obtain e,
and (b) on the basis of the magnitude and
the sign ofe, it performs logical and mathematical operations that result in a command to the final control elements. The
command is to deliver energy to the controlled system in the proper direction and
at the proper rate in order to make c move
in the correct direction until it equals r.
Actually, the optimum control algorithm
does not operate solely on the error, as
indicated in this simplified diagram.

nite limitations on the output of the
final control elements), the temperature at the thermostat (not necessarily
throughout the room or house) can be
held within a degree or so of the value
set on the dial regardless of (a) the
temperature outside, (b) the wind velocity, (c) whether or not the sun is
shining, (d) the number of people in the
room, (e) what equipment is running,
and so on. Designing an open-loop
control system for this application or
calculating the response would require
detailed knowledge of all processes

and all parameters and exactly how
they vary with time. On the other
hand, only the grossest approximations for the processes and parameters
are needed to design an excellent feedback control system because the controller couldn't care less about any of
them—it is concerned solely with providing the proper command to the final
control elements to deliver energy as
required.
This is the beautiful simplicity of
feedback control. As long as one concentrates on energy, the level of mathematics required for practical optimization of real control systems is lower
than that required in almost any other
area of engineering. If energy is not the
central factor, control-system design
becomes a jungle of mathematical
techniques that, although intellectually stimulating and academically challenging, are at best irrelevant, and
often actually misleading.
PROVIDING THE OPTIMUM
CONTINUOUS CONTROL

. whether or not
the controlled
system is linear
is immaterial."

On-off control, which is the kind provided in the systems we have been
discussing, has two serious limitations: it can be used only with a limited
class of controlled systems, and in
many situations it cannot provide the
necessary accuracy. When on-off control is insufficient, a control algorithm
that provides continuous energy delivery must be used.
Such an algorithm must perform two
distinct functions. It must tell the final
control elements (a) when, and at what
rate, to supply energy, and (b) when to
cut back on the rate at which energy is
supplied. Specifically, the algorithm
must provide mathematical operations
that will demand energy input or an

increase in the rate of energy input
whenever (a) the error does not equal
zero, (b) the controlled variable does
not change in the direction of the reference input, or (c) a load acts on the
controlled system. Of the continuous
mathematical operations that might be
incorporated into the algorithm, only
integration is useful in all three situations. And since there are both logical
and mathematical bases for concluding
that optimally there can be only one
operator acting on the error, it is apparent that in the forward loop, integration is the only possible operation.
It should be noted that the optimal
choice of operations for energy delivery is made without reference to any
characteristic of the controlled system. However, in the choice of operations for cutting back on the rate of
energy supply, there is one allimportant characteristic: how the controlled system responds to energy input. In specifying the operations for
this part of the system, our objective is
to ensure that in response to a step
change in reference input, the controlled variable will become equal to
the reference input in the shortest possible time without overshoot or oscillation. How can we accomplish this?
The answer is that we must know the
controlled system's order—in the sense
of mathematical order in differential
equations—and specify the operations
accordingly. Figure 4 shows how the
order can be determined by observing
the open-loop response c of the controlled system to a short-duration step
change in the rate of energy input, m.
Figure 5 summarizes the corresponding operations.
The question of linearity becomes
involved in this connection. It would
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Figure 4
Zeroth-order controlled systems:
•m
•c

m0

Time

First-order controlled systems:

Time

Second-order controlled systems:

(2nd + 1st order)

m0

Oth order)
Time
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Figure 4. Typical responses for open-loop
controlled systems of mathematical orders
0 through 2. Here m represents force on the
corresponding mechanical elements and c
represents position.
A zeroth-order mechanical element is
represented by an idealized mass less
spring. An inherently stable system, it responds to a force and returns to equilibrium instantaneously when m returns to
zero. Examples of such systems are a dc
power amplifier, the control of liquid flow
through a valve, and the response of an
inertia to a force when the controlled variable is acceleration.

A first-order mechanical element is represented by a massless dashpot, which is
characterized by an instantaneous change
in speed from zero to a constant value when
a step rrio is applied. The upper curve,
corresponding to first-order elements only,
shows that when m0 is removed, the controlled variable remains where it was at
that instant (if ir^ were maintained, the
response of the dashpot would continue to
increase). This response indicates an unstable system. A system with both first- and
zeroth-order terms (lower curve) meets the
conditions for stability (its response remains finite for a finite value ofm and

returns to zero speed after IT^ is removed)
and would therefore be easier to control.
The objective, however, is to provide control that will be satisfactory under the most
difficult situations, and so the designer
needs to provide operations for what is
called the basic first-order system, one that
contains only first-order elements. The
great majority of industrial controlled systems are first-order; typical examples are
systems involving heating, liquid level,
pressure of compressible fluids, and speed.
The second-order mechanical element is
inertia. As we note in the figure and from
experience, the important attribute of inertia is that it resists being moved and, once
in motion, resists being stopped. The system with second-, first-, and zeroth-order
elements (lowest curve) is stable and the
other systems are not; the system with only
the second-order element (top curve) is the
most unstable, in that it continues moving
on to infinity after m is returned to zero.
(Physically, the system with only the
second-order element is a pure inertia and
there is no energy dissipation. When the
system includes a first-order element, kinetic energy will be dissipated; but in the
absence of a zeroth-order element, there is
no equilibrium position to which the system
will return.) A controller that will control
satisfactorily the basic second-order system, inertia only, will also provide satisfactory control if one or both of the lowerorder elements are present.

Figure 5
Zeroth-order controlled system:
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Figure 5. Diagrams of optimum controllers
for controlled systems and the corresponding operations that must be provided in the
control algorithm if there is to be stability
and optimum performance.
Most of the parameters have been defined in previous figures. The differentiation operator is D, and the integration
operator is I ID. KdA is the pseudo-firstderivative coefficient; Kd2 is the pseudosecond-derivative coefficient; Kdn is the
pseudo-nxh-derivative coefficient. These
coefficients are called "pseudo" because,
as shown in Figure 6, when the equation is
written in operational form, the control
system is mathematically one order higher
than the controlled system. Kd^,for example, is multiplied by a differentiation
operator in the operational equation for a
linear system and thus shows up
mathematically as a first derivative.
It should be noted that providing
pseudo-first and pseudo-second derivatives does not guarantee stability when the
controlled system is second-order; it only
guarantees the possibility of making the
system stable by proper choice of coefficients.

Second-order controlled system:
controller

dt

-K d 1 c
- Kd2Dc

nth-order controlled system:

= Kife dt
-Kd1c
- K d2 Dc - ...
- Kd(n.1)D("-2)c
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Figure 6
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be convenient to assume linear response, since this would simplify
mathematical analysis, but there are
no truly linear systems in nature and,
in general, optimum systems are nonlinear. In fact, most real systems of
importance are highly nonlinear. (In a
few devices, linear response is desirable: examples are hi-fi amplifiers, vibration exciters, and similar applications in which output frequencies
should correspond exactly to the input
frequencies.) Because of the nonlinear
nature of most operating systems, the
operations chosen to provide optimum
performance must in no way depend
upon the mathematics of linear systems. Fortunately, there is no problem
in working with nonlinear systems because, conceptually and practically,
nonlinearities can be treated as loads
acting on the controlled system.
Hence, we can use a roughly approximate linear model for the controlled
system in our analysis and consider all
deviations from linearity as simply additional loads. This concept is a direct
consequence (and an example) of the
beautiful simplicity of feedback con33 trol. In terms of basic operations in the

R +

ID 3 +

controller, whether or not the controlled system is linear is immaterial.
Specifically, we need to know the
highest-order term in the differential
equation that gives a reasonable approximation of the relationship between the response c and the input m2
when no load acts on the controlled
system. A reasonable approximation is
the simplest one that will enable us to
specify the necessary operations with
the certainty that the final control system can perform satisfactorily. In
mathematical terms, this means that
we must ensure that all coefficients of
the homogeneous part of the differential equation for the linear approximation are present and the system has a
chance of being stable. (Stability is an
absolute necessity, but in real problems it becomes a trivial matter because the operating system will be
required to respond to step changes in
reference input without overshoot and
without oscillation—a requirement far
more stringent than just being stable.)
The typical responses for zeroth-,
first-, and second-order controlled systems shown in Figure 4 are commonly
found in practically all fields of engi-

Figure 6. Block diagram and operational
equation for controlling the basic linear
second-order controlled system. This represents the general approach to designing
real control systems in all areas of engineering.

neering and science, and the illustrative mechanical elements, known as
springs, dashpots, and inertias (masses), are familiar to most engineers. If
the response is an almost instantaneous jump to some value, the system is
zeroth-order. If the response almost
instantaneously takes on a finite velocity, the system is first-order. And if the
response starts slowly and gains
speed, the system is second-order or
higher. I know of no simple systems of
more than second order, but any system that requires treatment as higher
than second order must be broken
down, by a technique called cascade
control, into a series of lower-order
systems. In mechanical systems, the
order is related to the number of degrees of freedom—which for good control becomes the number of controlled
variables—and each controlled variable requires its own controller and, at
least in effect, its own final control
elements.
For the zeroth-order controlled system, m must increase to the level corresponding to the desired value of c
and stay there. In this case, a simple
integrator is the optimum controller. In

Right: This 'sun follower" or heliostat
installed on the roof of Upson Hall utilizes
a control system designed and built under
Professor Phelan s direction. The upper
photograph shows the movable flat mirror
(at left), which directs the sun's rays to the
parabolic reflector (at right), which concentrates the solar energy. The lower photograph shows the controller, which is located behind the mirror.
The movement of the mirror is activated
by signals from two photopotentiometers
mounted on the reflector (which is adapted
from a World War II surplus searchlight).
These sensors detect the sun's movement
in azimuth and in elevation; in terms of
control-system terminology, they provide
the controlled variables and determine the
errors in a feedback mechanism. In this
application, the two controlled systems
comprise the motors, the gear trains, and
the mirror; the final control elements,
which receive the signals from the controllers and provide the power, consist of two
amplidynes (also surplus material).
The "sun follower" is used for various
laboratory and research projects involving
the study and use of solar energy.

a basic first-order system, m must go to
zero when c equals r; the controller
must respond to progress of c toward r
by decreasing the rate at which energy
is being supplied to the controlled system. This requires an additional term
in the algorithm—a term containing
an important coefficient, Kd1, called
the pseudo-first-derivative coefficient.
When the controlled system is a basic
second-order system, simply making
m to zero when c has become equal to r
is no longer adequate, because nothing
is available to dissipate the kinetic

energy that has been put into the system; the controller must ensure that
the kinetic energy also goes to zero.
This requires adding an operation that
opposes the rate of change of the controlled variable—a term containing the
pseudo second derivative, Kd2D. To
see why the term "pseudo derivative"
is used, we must resort to some minimal mathematics related to linear systems. This mathematical treatment is
explained in Figures 5 and 6.
Physical understanding and intuition
become less useful when the order of
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the controlled system becomes higher
than second-order, but the pattern that
has appeared can be shown mathematically to extend to all orders. This
achieves the ultimate in beautiful
simplicity, for one equation and one
block diagram present the optimum
controller for all possible controlled
systems. Practically, the equation and
diagram are of only academic interest
when the order of the controlled system is greater than two because of (a)
the need to provide for control of each
degree of freedom in higher-order systems, as discussed above, and (b) the
enormous difficulties in obtaining the
required high-order time derivatives of
the response and in finding the optimum combination of a number of
coefficients (a number equal to the
order plus one).
A PRACTICAL NEW
CONTROL ALGORITHM
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In this article I have outlined the main
features of a powerful new approach to
control-system design. Here at Cornell
we have developed a new algorithm,
called Pseudo-Derivative-Feedback
(PDF) Control, that provides optimum

control for all systems, nonlinear as
well as linear.
The work has progressed over the
past eight years and has involved a
number of students. For example, A.
Galip Ulsoy (M.S. '75) and Richard P.
Heydt (M.S. '78) made significant contributions to our understanding of how
to handle the basic second-order controlled system, not a simple matter. Of
course, one must know more than
what is presented here before the
method can be readily applied. In particular, one must know how to select
the initial optimum set of coefficients,
based on linear approximation of the
controlled system, and how to tune the
controller (find the real optimum set of
coefficients) while the system is running. These and other aspects are now
completely understood and have been
put into practice in projects at four
Cornell schools or departments and in
a number of industries.

Richard M. Phelan is a professor in Cornells Sibley School of Mechanical and
Aerospace Engineering, where he teaches

courses in feedback control systems, machine design, and vibrations.
After receiving the B.S. degree in mechanical engineering from the University
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graduate school in mechanical engineering
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test group at the Lawrence Livermore
Laboratory, where he spent his sabbatic
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publications are three books, Dynamics of
Machinery, Fundamentals of Mechanical
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Automatic Control Systems, published by
the Cornell University Press in 1977.
He is a member of the American Society
for Engineering Education, the American
Society of Mechanical Engineers, the New
York Academy of Sciences, the American
Association for the Advancement of Science, and several honorary societies.

VANTAGE

Dedication of Engineering Quadrangle
Highlights Fall Events
• It was a day of good cheer when the
Joseph N. Pew, Jr., Engineering
Quadrangle (pictured on the inside
back cover) was dedicated on September 20 in honor of a major family
benefactor of the College and the University. Even the weather was sunny
and warm for the outdoor ceremony on
the quadrangle.
/. Joseph N. Pew, Jr., who received a
Cornell degree in mechanical engineering
in 1908, was chairman of the board of the
Sun Oil Company from 1947 until his death
in 1963. Born in Pittsburgh in 1886, the year
his father founded the company, he played
a major role in the development of the Sun
Shipbuilding and Dry Dock Company and
served as its president. He also was responsible for a number of technical innovations in the oil industry.
Pew family benefactions to the Cornell
College of Engineering include a professorship, a fellowship, support for geological sciences and the Master of Engineering
program, and improvements to Olin Hall.
This portrait of Pew hangs in the College's Sibley School of Mechanical and
Aerospace Engineering.
2. Mrs. Pew was among the family members attending the ceremony.
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3. The audience, assembled outside Carpenter Hall, heard addresses by University
and College officials.
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4. Among those listening to remarks of
Thomas E. Everhart, Dean of Engineering,
are (left to right in the front row) Cornell
President Frank H. T. Rhodes, Mrs. Pew,
Mrs. S. C. Hollister, and S. C. Hollister,
emeritus Dean of Engineering. In the second row are Mr. and Mrs. J. N. Pew III and
Peppi Wister, a granddaughter of Joseph
N. Pew, Jr. About a dozen family members
and friends came from Philadelphia for the
occasion.
(Continued)

5. Cornell Chancellor Dale R. Corson,
formerly dean of the College of Engineering and president of the University, unveiled a model of a memorial sundial to be
installed in the center of the quadrangle.
The sundial, which features adjustments
giving it an accuracy of less than a minute,
was designed by Corson in collaboration
with Professor Richard M. Phelan.
6. Professor andformer Dean of Engineering Andrew Schultz, Jr., was a speaker.
7. Edwin L. Resler, Jr., was introduced as
the Joseph N. Pew, Jr., Professor of Engineering.

8. Hosts and visitors included Cornell
President Frank H. T. Rhodes (at left) and
Dr. David Baker, son-in-law of Mr. and
Mrs. Pew. The day's activities also included a luncheon and a tour of other parts
of the campus.
9. After the ceremony, three quadrangle
areas, newly landscaped and provided with
benches, began to serve their everyday
purpose as (in the words inscribed on the
stone) ' a daily reminder of the generosity,
devotion, and concern shown for Cornell
by Joseph N. Pew, Jr., class of 1908,
during his lifetime and continued today by
his family and the Pew charitable trusts/'
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• In a different vein, an orderly crowd
filled Bailey Hall, the University's
largest auditorium, to hear four Cornell professors—including a College
specialist in nuclear reactor physics
and engineering—debate the controversial issue of nuclear power. Topics
discussed at the September event included technical and economic aspects
of radiation hazards, nuclear waste
disposal, and the decommissioning of
nuclear plants.
Above: "Pro" and 'eon" debaters are
separated by moderator Franklin A. Long,
the Henry R. Luce Professor of Science
and Society, professor of chemistry, and
director of the University's Peace Studies
Program. At left are K. Bingham Cady,
nuclear science and engineering (who argued that nuclear energy is at least as
acceptable as coal and that both are
needed), and Hans Be the, Nobel laureate
in physics and John W. Anderson Professor of Physics, emeritus. On the far side of
Long are Duane Chapman, agricultural
economics, and Robert Pohl, physics.
Right above: Under an anti-nuclear banner
hung from the balcony, a questioner
speaks from one of two microphones on the
floor.

• Among other fall events of interest
to engineers was an exhibit on the
bridges of the Swiss designer Christian
Menn, and a three-day NSF conference on production research.
Above: Cornell mechanical engineering
Professor K. K. Wang (at right) coordinated the NSF conference, which was attended by several hundred grantees and
in dus triaI represen tatives.
Below: David P. Billington of Princeton
University, where the bridge exhibition
originated, conducted a special seminar
for structural engineering students.

VANTAGE

Women and Men Engineers
Bolster Cornell Athletics
• Men undergraduates in engineering
have long been important members of
Cornell's athletic teams, and now the
College's women are continuing the
tradition.
Women's track is among the sports
to benefit from the engineering input.
Two standouts this year are sophomore Loretta Clarke and freshman
Robin Ackerman. Clarke, who comes
from Toronto, set records in the 100-,
200-, and 400-yard dashes last spring,
and was a member of three recordbreaking relay teams. Coach Renee

Evans expects equally outstanding
running in cross-country events from
Ackerman. A native of California, she
set records at Choate in the one- and
two-mile races, and in cross-country
events. In all, there are seven engineers on the women's track team this
year.
Below: Engineers on this year's women's
track team include (left to right): Cornelia
Bert ho Id '82, Loretta Clarke '82, Robin
Ackerman '83, Terry7 Quan '83, Anne Folly
'83, Kathi Krause '83, and Ellen Birkhimer
'83.

Above: Loretta Clarke broke records in
three individual and three relax events.

• Another traditionally male activity
at Cornell athletic events was handled
this fall by a woman engineer. Cathy
Vicks, a senior in mechanical and
aerospace engineering from Utica,
New York, was the first woman to
direct the Big Red Marching Band.
Below: Cathy Vicks '80 is the first woman
drum major in Cornell's history.
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• The men continue to do well, of
course. Jim DeStefano, a junior in
mechanical and aerospace engineering, was co-captain of the varsity football team this fall, the first junior to
hold the post since 1946. The team's
leading tackier, Jim started in every
game his sophomore year, and appeared three times on the ECAC
weekly All-East Division I-A teams. In
high school in New Hartford, New
York, he was on both the football and
track teams; he also runs on the Cornell track and field team.
Keith Manz, a senior in civil and
environmental engineering, was the
place-kicker on the football varsity.
Before the Homecoming game (when
we went to press), he had scored sixteen points to rank as the secondhighest scorer on the squad. Keith
comes from Saratoga Springs, New
York.
Ken Charhut, a senior in mechanical
and aerospace engineering, is the
commodore of the heavyweight crew.
In heavyweight competition before a
crowd of nearly 100,000 at the Head of
the Charles Regatta this October,
Ken's boat finished ninth, up from
twenty-second last year. Ken comes
from Northfield, Illinois, where he lettered in basketball in high school.
Above: Jim DeStefano, the first junior to be
football co-captain since 1946, goes up on
defense against Colgate. Cornell won that
game 36-21.
Left: Place-kicker Keith Manz. '80 waits for
the snap in a game against Colgate.
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Right: Ken Charhut '80 is commodore of
the Cornell crew. At the Head of the
Charles Regatta this year, his boat finished
ninth in a crowded field.

REGISTER

Silcox

• This year's administrative changes
in the College of Engineering included
the appointment of a new director for
the School of Applied and Engineering
Physics and a reorganization of the
College's Office of Admissions and
Placement. John Silcox is the new director in applied and engineering
physics; Robert F. Gardner and Carol
A. Walck now head activities in admissions and placement, respectively, and
Robert L. Smith has special responsibility for minority admissions.
Silcox, an internationally known
expert in electron scattering, has been
a member of the faculty since 1961,
when he came to Cornell as an assistant professor in engineering physics.
Born and educated in England, he received the B.Sc. degree in physics
from Bristol University in 1957 and the
Ph.D., also in physics, from Cambridge University in 1961. During his
sabbatic leave from Cornell in 1967-68,
he conducted research at Cambridge
and with the Faculte des Sciences
d'Orsay, France, as a Guggenheim fellow. He spent his sabbatic leave in
1974-75 at the Bell Laboratories in
Murray Hill, New Jersey. He has also

served previously (1970-74) as director
of the School of Applied and Engineering Physics.
His research activities have been
concerned with many aspects of
solid-state physics. He has made significant contributions in transmission
microscopy and has done experimental work in such areas as superconductivity, ferromagnetism, and
imperfections in crystals. His current
interests are inelastic electron scattering and its use in electron microscopy.
Silcox is the current president of the

Electron Microscopy Society of America and a fellow of the American Physical Society. He is also a member of the
Solid State Sciences Committee of the
National Research Council and serves
on the external visiting committee of
the University of Illinois Materials Research Laboratory. He has served on a
National Academy of Sciences ad-hoc
panel on microfabrication.
Gardner, the new director of engineering admissions, has served the
College in the past as director of the
Engineering Advising and Counseling 42
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Gardner

Walck

Smith

Center, assistant to the dean, and lecturer in engineering. He joined the
College in 1971 after completing his
Ph.D. studies at Cornell in the history
of science. His undergraduate education was at Linfield College, where he
earned the B.A. degree in chemistry in
1966.
The author of two books on faculty
advising, Gardner has been a frequent
contributor to national conferences
concerned with engineering education
and advising. In addition to research in
that field, he has served as a consultant
with the American College Testing
Service, the Center for the Evaluation
of Teaching and Instruction at Kansas
State University, and numerous academic institutions ranging from small
liberal arts colleges to large state universities. He is a member of the American Historical Association and the
History of Science Society.
Gardner replaces David C. Johnson,
the former assistant dean for admissions and placement, who this summer
became director of corporate relations
in the University's development office. He came to Cornell in 1969 after
two years as assistant director of ad-

missions for Ohio Wesleyan University, and served in the engineering
admissions office here for ten years.
Walck, the new director of engineering placement, has been a member of
the staff in admissions and placement
since the fall of 1975, when she became
engineering placement coordinator.
Her responsibilities in that position
included administrating the process of
contacts and interviews by which students in engineering find their first
employment. A native of Cornwall,
New York, Walck majored in business
at the State University of New York at
Albany. Before coming to Cornell, she
worked in Christian education in Manhasset, Long Island.
Smith is an assistant director of engineering admissions for the College.
He comes to Cornell from the University of Oklahoma at Norman, where he
was a counsellor in the career planning
and placement office, advising business and engineering students on
career opportunities, employment
trends, and job hunting. He had previously worked as admissions officer at
the University of Arizona at Tucson,
where in 1977 he earned the degree

Master of Education in counseling and
guidance. He also earned the B.S. degree in public administration there in
1974.
• An associate professor and eight assistant professors have been appointed
to four schools and two departments.
Associate Professor Mark A. Turnquist joined the faculty in civil and
environmental engineering this fall.
New assistant professors are: in chemical engineering, Joseph Cocchetto
and William Olbricht; in electrical engineering, Jean C. Walrand; in geological sciences, Clifford Ando, Steven
Bach man and Allan Gibbs; in materials science and engineering, C. Barry
Carter; and in mechanical and aerospace engineering, Paul R. Dawson.
Turnquist was assistant professor of
civil engineering at Northwestern
University for four years before coming to Cornell. A specialist in simulation modeling and transportation systems, he received the M.S. degree in
1972 and the Ph.D. in 1975, both from
the Massachusetts Institute of Technology. He attended Michigan State
University as an undergraduate, re-

ceiving the B.S. in systems science in
1971. He is a member of the Transportation Research Forum, the Transportation Research Board, the Operations
Research Society of America, the Society for Computer Simulation, and the
honorary societies Sigma Xi and Phi
Kappa Phi.
Cocchetto, whose research interests
are in fuel cells, heterogeneous
catalysis, and chemical reaction engineering, is a 1973 graduate of the
College of Engineering at Cornell,
where he majored in chemical engineering, receiving the degree B.S.
with distinction. His graduate education was at the Massachusetts Institute
of Technology, where he received the
S.M. degree in chemical engineering in
1974 and the Ph.D. in the same field in
1979. He is a member of the American
Institute of Chemical Engineers and
Sigma Xi.
Olbricht received the Ph.D. degree
in chemical engineering this year from
the California Institute of Technology,
where he worked on non-Newtonian
flow phenomena and constitutive
equations for anisotropic fluids. The
American Institute of Chemical En-

gineers Outstanding Graduate of Stanford University in 1973, he received
the B.S. degree with high distinction.
His publications include articles on
microstructure- and deformationbased criteria for stong flow, and on
special problems of two-phase flow as
applied to polymer processing and oil
recovery. He is a member of the American Institute of Chemical Engineers
and the Society of Rheology.
Walrand, whose interests include
the theory of stochastic processes,
stochastic control, nonlinear filtering
theory, and communications networks, is a native of Belgium. There he
received the degree Ingenieur Civil,
magna cum maxima laude, from the
University of Liege in 1974. He recently received the Ph.D. in electrical
engineering from the University of
California, Berkeley. His honors include the Belgian-American Educational Foundation Fellowship and the
IBM Pre-doctoral Fellowship. During
his last year at Berkeley, he was
awarded that university's Schlumberger Scholarship.
Ando's special interest has been the
geology of the central Klamath range
in California; he has published more
than half-a-dozen articles on that region. He received his education in
geology in California, taking the A.B.
degree at Occidental College in 1973
and the Ph.D. at the University of
Southern California last January. This
past summer he was a postdoctoral
associate in the Department of Geological Sciences at Cornell. He is a
member of the Geological Society of
America, the American Geophysical
Union, Phi Beta Kappa, and Sigma Xi.
Bachman worked for two years as a
geologist and geophysicist at the Stan-

dard Oil Company of California before
entering doctoral studies in geology at
the University of California, Davis, in
1974. He carried on his studies in conjunction with exploration for Standard
Oil until this September, when he received the Ph.D. from Davis and came
to Cornell. He also holds the B.S.
degree in aeronautics and astronautics, awarded by the University of
Washington in 1971, and the M.S. in
geology awarded by the University of
California, Los Angeles, in 1974. Interested in seismic stratigraphy and
sedimentary petrology, he is involved
at the present time in the Deep-Sea
Drilling Project and is studying the
sedimentation and margin tectonics of
the coast belt of northern California.
He has published articles on these and
related subjects. He belongs to the
Geological Society of America and the
American Association of Petroleum
Geologists.
Gibbs holds three degrees in geology
or geological sciences from Harvard
University: the A.B., magna cum
laude with highest honors, which he
received in 1969; the A.M., 1973; and
the Ph.D., 1979. He also holds the
M.Sc.-D.I.C. in mineral exploration
from Imperial College, London. Between 1971 and 1979 he worked for a
total of five years as a regional
geologist for the Geological Survey
Department of Guyana, performing
mineral explorations and writing
numerous reports. His doctoral dissertation was on the stratigraphy, structure, petrology, and mineral resource
potential of areas in northern Guyana.
He belongs to the Geological Society
of America, the Association of Geoscientists in International Development, the Society of Economic 44

Geologists, and the honoraries Phi
Beta Kappa and Sigma Xi.
Carter is a native of Oxford, England, and it was from Oxford University in 1975 that he received his doctorate in materials science. He also holds
the degree M.Sc.-D.I.C. in materials
science from London's Imperial College, and the B.A. and M.S. in natural
sciences from Cambridge University.
Since 1977, he had been a postdoctoral
associate in the Department of Materials Science and Engineering at Cornell; before that he was for three years
a research fellow at Oxford. Now specializing in ceramic materials, he is the
author or co-author of more than thirty
articles and reports on electronmicroscope studies of dislocations and
other phenomena in a variety of materials. He is a member of the Institute of
Physics, the American Ceramics Society, and the Electron Microscopy Society of America.
Dawson comes to Cornell from the
Sandia Laboratories, where he has
been on the technical staff in computational physics and mechanics since receiving the Ph.D. degree in civil engineering from Colorado State University in 1976. In 1974 he was awarded
the M.S. in civil engineering from Colorado State, and in 1972 he received
the B.S. in mechanical engineering
from Montana State University. He
was an associate engineer at the Advanced Reactors Division of Westinghouse for a year after receiving his
baccalaureate. He is an author of more
than a dozen papers on subjects including metal forming, nuclear-waste disposal, and wood-joist floor systems.
He belongs to Sigma Xi, Phi Kappa
Phi, Pi Tau Sigma, and Tau Beta Pi.
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• Visiting faculty members and fellows on campus during the fall term
include the following.
Applied and Engineering Physics:
Kiyoshi Yatsui, visiting associate professor, from the Technical University
of Nagaoka, Niigata, Japan; and E.S.
Wu, visiting associate professor, from
the University of Maryland.
Chemical Engineering: Ulrich Deiters,
visiting fellow, from the University of
Bochum, West Germany; and Ray Yue
Ewang Yang, visiting associate professor, from the University of Queensland, Australia. J. C. G. Calado, from
the Instituto Superior Tecnica, Lisboa, Portugal, will be a visiting professor during the spring term.
Civil and Environmental Engineering:
Alexander C. Heaney, visiting professor, from the University of New South
Wales, Australia; Monty A. Hampton,
visiting fellow, from the United States
Geological Survey, Menlo Park,
California; and Edward S. Oyegoke,
visiting fellow, from the University of
Lagos, Nigeria.
Computer Science: Larry A. Cammack, visiting associate professor,
from Central Missouri State University; Daniel M. Leivant, visiting assistant professor, from Ohio State
University; Eugene M. Luks, visiting
professor, from Bucknell University;
Erik Meiling, visiting assistant professor, from the University of Copenhagen, Denmark; Einar J. Nodtvedt, visiting fellow, from Norway on a grant
from the Royal Norwegian Council for
Scientific and Industrial Research;
Jean Mary Tague, visiting professor,
from the University of Western Ontario, Canada; Mila Majster, visiting

fellow, from the Technical University
of Munich, West Germany; and
Donald Goldfarb, visiting professor,
from the City College of New York.
Goldfarb's is a joint appointment with
the School of Operations Research and
Industrial Engineering.
Electrical Engineering: B. Ross Barmish, visiting associate professor,
from the University of Rochester;
Richard E. Blahut, adjunct associate
professor, from IBM, Owego, New
York; Fu-Sheng Chi, visiting fellow,
from the Peking Microwave Equipment Factory, People's Republic of
China; Duckjin Kim, visiting professor, from Korea University, Seoul,
Korea; Kuo-Hsiung Shen, visiting fellow, from the Shanghai Institute of
Metallurgy, Chinese Academy of Sciences, Peking; Yen-Yang Shih, visiting fellow, from the Institute of Electronics, Chinese Academy of Sciences, Peking; Johann Peter Krusius,
visiting fellow, from Helsinki University of Technology, Finland, as part of
the Fulbright-Hays Exchange Program; and Xuezeng Zhuang, visiting
fellow, from the Institute of Elec-

Kaufman
tronics, People's Republic of China.
At the National Research and Resource Facility for Submicron Structures, Phil Batson is a visiting fellow
from the IBM Thomas J. Watson Research Center, Yorktown Heights,
New York.
Geological
Sciences:
Elisabeth
Coudert, visiting fellow, from the University: Paris VI, France.
Materials Science and Engineering:
Hugh R. Brown, visiting associate professor, from Monash University, Clayton, Australia; Kasturi L. Chopra, visiting professor, from the India Institute
of Technology, New Delhi; Lin-xi Li,
visiting fellow, from the Peking Research Institute of Materials Technology, People's Republic of China; Terkel S. Olsen, visiting fellow, from
Aarhus University, Denmark; T. A.
Roberts, visiting associate professor,
from the Electric Power Research Institute, Palo Alto, California; and
Horst P. Strunk, visiting associate professor, from the Max Planck Institut
fur Metallforschung, Stuttgart, West
Germany.
Mechanical and Aerospace Engineering: Toshihiko Akiyama, visiting fellow, from Asahikawa Technical College, Hokkaido, Japan; Andrija Mule,
visiting fellow, from the University of
Zagreb, Yugoslavia; Norio Okino, visiting professor, from Hokkaido University, Japan; and Johannes Janicka,
visiting fellow, from Aachen, West
Germany.
Nuclear Science and Engineering:
Gertrude S. Goldhaber, adjunct professor, from Brookhaven National
Laboratory, Upton, New York; and
Ram P. Chaturvedi, visiting professor,
from the State University of New
York, Cortland.

• Sidney Kaufman, professor of
geological sciences, has been named
an honorary member of the Society of
Exploration Geophysicists. A specialist in oil exploration and production and in geothermal energy sources,
Kaufman is director of COCORP, a
project sponsored by NSF and operated by Cornell, in which seismic reflection profiling techniques are used
to study the continental basement.
Kaufman, who holds A.B. and Ph.D.
degrees in physics from Cornell, joined
the faculty here in 1974 after a long
career with the Shell Oil Company.
Operations Research and Industrial
Engineering: Donald Goldfarb, visiting professor, from the City College of
New York (a joint appointment with
the Department of Computer Science);
Che-ping Lee, visiting fellow, from
Hong Kong Polytechnic; Helen
Marcus-Roberts, visiting associate
professor, from Montclair State College , New Jersey; Victor Pestien, visiting assistant professor, from the University of California, Berkeley; and
Fred S. Roberts, visiting professor,
from Rutgers University.

• College of Engineering professors
who received 1979 awards or citations
from student honorary societies are
Robert B. Furry in agricultural engineering, William W. McGuire in civil
and environmental engineering, and
Ross A. McFarlane and Robert ./.
Thomas in electrical engineering.
ProfessorG. Conrad Dalman, director of the School of Electrical Engineering, received a certificate from
the Cornell chapter of the National
Society of Black Engineers for "outstanding service and contributions."

• Bruce W. Turnbull, associate professor of operations research and industrial engineering, was a recipient of
this year's George W. Snedecor
Memorial Award for the best research
publication in statistics with biological
or medical applications. The award
was presented at the national joint
meeting of the American Statistical
Society, the Biometric Society, and
the Institute for Mathematical Statistics, held in August in Washington,
D.C. The research, undertaken jointly
with Toby J. Mitchell of the Oak Ridge
National Laboratory, involved the development of statistical techniques to
evaluate the effects of low-level radiation on disease incidence in laboratory
animals. The paper appeared in
Biometrics in December, 1978.
• Terrence Holt of the Office of Engineering Publications has been appointed associate editor of this magazine. A part-time graduate student in
English literature, he received the
M.F.A. degree in creative writing from
Cornell in 1979 and the B.A., magna
cum laude, from Lawrence University
in 1975.
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FACULTY
PUBLICATIONS

The following publications and conference papers by faculty and staff members and graduate
students of the Cornell University College of
Engineering were published or presented during
June, July, and August, 1979. Earlier entries not
included in previous listings are indicated by a
date in parentheses. The names of Cornell personnel are in italics.

• AGRICULTURAL
ENGINEERING
Coward, R. W., and Levine, G. (1978). The
Analysis of Local Organization for Project Preparation Studies: An Exploration of Possibilities.
Paper read at World Bank Workshop on Social
Organization for Irrigation, 19-20 October 1978,
in Washington, D.C.
Furry, R. B. 1979. Perspectives and Projections
on Engineering Academe. Student Recruiting in
the Northeast. Papers read at 1979 Summer
Meeting of American Society of Agricultural
Engineers and Canadian Society of Agricultural
Engineers, 24-27 June 1979, at University of
Manitoba, Winnipeg, Canada.
Furry, R. B.; Isenberg, F. M. R.; and Jorgensen,
M. C. 1979. Post-Harvest Controlled Atmosphere Requirements of Cabbage Intended for
Long Duration Storage. Paper read at 1979
Summer Meeting of American Society of Agricultural Engineers and Canadian Society of
Agricultural Engineers, 24-27 June 1979, at University of Manitoba, Winnipeg, Canada.
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Loehr, R. C. 1979a. Converting Waste to
Resources—Utilization of Residues from Ag-

riculture and Agro-Industry. Paper read at Plenary Session of 59th Annual Conference of Agricultural Institute of Canada, 20-24 August
1979, at University of New Brunswick, Fredericton, Canada.
19796. Land Application for
Waste water Treatment: Research Assessments—Requirements for the Future. Paper
read at Summer Meeting of American Society of
Agricultural Engineers and Canadian Society of
Agricultural Engineers, 24-27 June 1979, at University of Manitoba, Winnipeg, Canada.
Millier, W. F.;Pellerin, R. A.; and Throop, J. A.
1979. A "Top Unloading" Bulk Box Dumper.
Paper read at 1979 Summer Meeting of American
Society of Agricultural Engineers and Canadian
Society of Agricultural Engineers, 24-27 June
1979, at University of Manitoba, Winnipeg,
Canada.
Pachecv, A., andRehkugler, G. E. 1979. Design
and Development of a Spring Activated Impact
Shaker for Apple Harvesting. Paper read at 1979
Summer Meeting of American Society of Agricultural Engineers and Canadian Society of
Agricultural Engineers, 24-27 June 1979, at University of Manitoba, Winnipeg, Canada.
Price, D. R.;Zall, R. R.; zndSobel, A. T. (1977).
Apparatus for cleaning automatic milking machines. United States Patent no. 4,061,504, issued 6 December 1977.
Safley, L.M., Jr.; Haith, D. A.; and Price, D. R.
(1979). Decision tools for dairy manure handling
system's selection. Transactions of the ASAE
22(1): 144-151.
Scott, N. R.; Reitsma, S. Y.; and Balthazar, J.
A. 1979. An Engineering Analysis of Teat Milk
Removal. Paper no. II-1-15 read at 9th International Congress of Agricultural Engineering,
8-13 July 1979, at Michigan State University,
East Lansing, Mich.
Stout, B. A.; Price, D. R.; Haith, D. A.; and

Safley, L. M., Jr. (1978). Energy—a vital resource for the U.S. food system. Public Policy
Issues Study Report, American Society of Agricultural Engineers.

• APPLIED AND
ENGINEERING PHYSICS
Batterman, B. W. 1979. The Cornell High Energy Synchrotron Source. Paper read at National Conference on Synchrotron Radiation Instrumentation, 4-6 June 1979, at National
Bureau of Standards, Gaithersburg, Md.
Bilderback, D. 1979. Real Time Back-Reflection
Laue Camera. Paper read at Meeting of American Crystallographic Association, 13-19 August
1979, in Boston, Mass.
Capehart, T. W., and Rhodin, T. N. 1979a.
Bonding geometry and eletronic structure of the
chalcogens on Ni(l 11). Journal of Vacuum Science Technology 16(2): 594-598.
.
19796. Selenium and sulfur bonding on Ni(l 11); angular resolved photoemission.
Surface Science 83:367-375.
Fleischmann, H. H.;Rej, D. J.; Tuszewski, M.;
and Luckhardt, S. C. 1979. Experiments on the
translation and compression of field-reversing
E-layers and generation of superdense MeV
proton beams in a magnetically insulated diode.
In Collective methods of acceleration, ed. N.
Rostoker and M. Reiser, pp. 699-711. New
York: Harwood Academic Publishers.
Lovelace, R. V. (1978a). Astron kink stability
with a toroidal magnetic field. Physical Review
Letters 41:1801-1804.

(1978fc). Astron stability against
poloidal perturbations. Physics of Fluids
21:1389-1403.
(1979a). Ion ring dynamics and
angular momentum conservation. Physics of
Fluids 22:591.
(19796). Kinetic theory of ion ring
compression. Physics of Fluids 22:542-554.
(1979c). Precession and kink motion of long Astron layers. Physics of Fluids
22:708-717.
Lovelace, R. V.E., and Hohlfeld, R. G. (1978).
Negative mass instability of flat galaxies. Astrophysical Journal 221:51-61.
Lovelace, R. V.; Larrabee, D.; and Fleischmann, H. H. (1978). A reanalysis of exponential rigid rotor Astron equilibria. Physics of
Fluids 21:863-864.
(1979). On the theory of Astron
equilibria. Physics of Fluids 22:701-707.
Mills, D.;Bilderback, D.; and Batterman, B. W.
(1979a). Analysis and Design of Synchrotron
Radiation Exit Ports at CESR. Paper read at
Particle Accelerator Conference, 12-14 March
1979, at Stanford University, Palo Alto, Calif.
19796. Thermal design of synchrotron radiation exit ports at CESR. IEEE
Transactions
on Nuclear
Science
NS26(3):3854-3856.
Muetterties, E. L.; Rhodin, T. N.; Band, E.;
Brucker, C. F.; and Pretzer, W. R. (1979). Clusters and surfaces. Chemical Reviews 79:91.
Silcox, J. Stem Analysis. Talk/discussion at
Open House of National Research and Resource
Facility for Submicron Structures, 2 June 1979,
at Cornell University, Ithaca, N.Y.
Tischler, J., and Hartman, P. L. 1979. Photoelectron and Ionization Chamber Position
Monitors for CHESS. Paper read at National
Conference on Synchrotron Radiation Instrumentation, 4-6 June 1979, at National
Bureau of Standards, Gaithersburg, Md.
Towler, B. F., and Yang, R. Y. K. 1979. On
comparing the accuracy of some finitedifference methods for parabolic partial differential equations. International Journal of Numerical Methods in Engineering 14:1021-1035.
Tuzewski, M.; Rej, D. J.; and Fleischmann, H.
H. 1979. Adiabatic compression of fieldreversing E-layers. Physical Review Letters
43:449.
Tuszewski, M.; Rej, D. J.; Luckhardt, S. C;
Lovelace, R. V.; Larrabee, D. A.; Kribel, R. E.
Fleischmann, H. H.; Drobot, A.; Kapetanakos
C ; Pasour, J. A.;Dreike, P. L.; Friedman, A.
Greenspan, M.; Hammer, D. A.; Sudan, R. N.;
Humphries, S.; and Mankowski, A. 1979. Recent results and work on field-reversing E- and
P-layers. In Plasma physics and controlled nu-

clear fusion research 1978, pp. 497-508. Vienna:
International Atomic Energy Agency.
Watkins, W. H., andFejes, P. L. (1978). The use
of a microcomputer for controlling an Els system. In AEM report of a specialist workshop
(held 25-28 July 1978, at Cornell University,
Ithaca, N.Y.), pp. 49-53. Ithaca, N.Y.: Cornell
University.

• CHEMICAL ENGINEERING
Anderson, C. C; Rodriguez, F.; and Thurston,
D. A. 1979. Crosslinking aqueous poly(vinyl
pyrrolidone) solutions by persulfate. Journal of
Applied Polymer Science 23:2453-2462.
Dufty, J. W., and Gubbins, K. E. 1979. The
self-diffusion coefficient for a square well fluid.
Chemical Physics Letters 64:142-145.
Finn, R. K., and Fiechter, A. 1979. The influence of microbial physiology on reactor design.
In Microbial technology (proceedings of 29th
symposium of Society for General Microbiology), ed. A. Bull, D. C. Ellwood, and C. Ratledge, pp. 83-105. Cambridge: Cambridge University Press.
Haller, H. D. (1978). Degradation of monosubstituted benzoates and phenols by waste water. Journal of the Water Pollution Control Federation 50:2771-2777.
Haller, H. D., and Finn, R. K. 1979. Kinetics of
biodegradation of p-nitrobenzoate and inhibition
by benzoate. Applied and Environmental Microbiology 35:890-896.
Holland, P. M.; Hanley, H. J. M.; Gubbins, K.
E.; and Haile, J. M. 1979. A correlation of the
viscosity and thermal conductivity data of gaseous and liquid propane. Journal of Physical and
Chemical Reference Data 8:79.
Murad, S.; Evans, D. J.; Gubbins, K. E.;
Streett, W. B.; and Tildesley, D. J. 1979. Molecular dynamics simulation of dense fluid methane.
Molecular Physics 37:725-736.
Nicolas, J. J.; Gubbins, K. E.; Streett, W. B.;
and Tildesley, D. J. (1979). Equation of state for
the Lennard-Jones fluid. Molecular Physics
37:1429-1454.
Patel, P.; Rodriguez, F.; andMoloney, G. 1979.
N-methyl-2-pyrrolidone as a solvent for
poly( vinyl alcohol). Journal of Applied Polymer
Science 23:2335-2342.
Rodriguez, F. (1979). The analogy between fluid
flow and electric circuitry. Chemical Engineering Education 13:96-98.
Shuler, M. L.;Leung, S.; smdDick, C. C. (1979).
A mathematical model for the growth of a single
bacterial cell. Annals of the New York Academy
of Sciences 326:35-55.

• CIVIL AND ENVIRONMENTAL
ENGINEERING
Brutsaert, W. (1979). Heat and mass transfer to
and from surfaces with dense vegetation or
similar permeable roughness. Boundary-Layer
Meteorology 16:365-388.
Conway, G., and White, R. N. 1979. Steel diaphragms on timber framing. Department of
Structural Engineering report no. 79-6 (for Republic Steel Corp.). Ithaca, N.Y.: Cornell University.
Ingraffea, A. R. 1979. The strength-ratio effect
in the fracture of rock structures. In Proceedings
of 20th U.S. symposium on rock mechanics, pp.
153-162. Austin: University of Texas.
Jirka, G. H., and Harleman, D. R. F. 1979.
Cooling impoundments: classification and
analysis. ASCE, Journal of the Energy Division
105(EY2):291-309.
Kulhawy, F. H., and Rose, D. 1979. Predicted
behavior of the MARTA twin tunnels and research chamber. In Proceedings of 20th U.S.
symposium on rock mechanics, pp. 95-107. Austin: University of Texas.
Perdikaris, P. C.; Conley, C; and White, R. N.
1979. Shear stiffness degradation of tensioned
reinforced concrete panels under reversing
loads. In Proceedings of 2nd U.S. national conference on earthquake engineering, pp.175-184.
Stanford, Calif.: Environmental Engineering
Research Institute.
Sangrey, D. A.; Booth, J. S.; and Hathaway, J.
C. 1979. The Atlantic margin coring project
(AMCOR) of the USGS: geotechnical observations. In Proceedings of 5th international conference on port and ocean engineering under
Arctic conditions, vol. 1. Trondheim, Norway:
Norwegian Institute of Technology.
Sangrey, D. A.; Bouma, A. H.; Hampton, M.
h.\Clukey, E. C; Nelson, C. H.; andOlsen, H.
W. 1979. Geotechnical engineering characteristics of the outer continental shelf lease areas in
Alaska. In Proceedings of 5th international conference on port and ocean engineering under
Arctic conditions, vol. 1. Trondheim, Norway:
Norwegian Institute of Technology.
Schuler, R. E., and Holahan, W. L. (1978).
Competition vs. vertical integration of transportation and production in a spatial economy. In
Regional Science Association papers, vol. 41,
ed. M. D. Thomas, pp. 209-225. Philadelphia:
Regional Science Association.
Trent, B. C ; Ko, H. Y.; and Ingraffea, A. R.
(1979). Experimental Model Testing as Applied
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LETTERS

With this issue, we introduce what we hope
will be a familiar feature of the Quarterly:
correspondence from our readers. We are
particularly interested in responses to issues raised in the articles, and to comments on their subject matter. Although
identification will be withheld on request,
correspondents are asked to indicate their
names, addresses, graduating classes (if
alumni), and, preferably, their professional titles or affiliations.

Blacksmithing
Editor: I enjoyed Professor Lance's
article on blacksmithing in the summer
Quarterly . . . . In 1941, when I entered
the College of Engineering, blacksmithing was part of a series of practical courses given very early in the
mechanical engineering curriculum. I
believe that this was not a hangover
from the early days when the engineer
had just graduated from being an artisan to being a professional. The shop
course was parallel with the strength of
materials course and the process
metallurgy course. It was only at the
forge and anvil that I really achieved a
grasp of the concept of transition tem-

perature of steel, and the difference
between elastic and plastic deformation. Even today, the Cornell Engineering tradition seems to be a better
blend of "practical" and theoretical
approaches to problems than other engineering schools. My son ('73) bears
this out.
The original course involved not
only work at the forge, but also electric
arc and gas welding, the preparation of
molds, and ferrous- and nonferrousmetal-casting techniques. This was
part of a sequence which included pattern making, the use of machine tools,
and techniques of measurement and
inspection. In my thirty years' experience as an engineer, the work relative
to patterns, casting, and machining has
not proven to be particularly relevant
to my own work, but the forging, welding, and allied practical subjects still
stand out as demonstrations of the
principles involved in many of the
tasks which I continue to face.
I suggest, therefore, that manual
blacksmithing techniques are useful to
a much greater extent than indicated in
the article. Possibly Lance's "minicourse" should be integrated with a
first course in engineering materials.
My own feeling is that the entering
engineering student is faced initially
with a heavy load of pure science and
mathematics. A "practical" course
such as metal working and joining
would help the embryo engineer to
better see the connection between the
sciences and the real-world problems.
For further information, you might
wish to consult with my adviser,
Emeritus Professor Joseph O. Jeffrey.
Samuel I. Hyman, P.E.
Senior Engineering Consultant
Brooklyn Union Gas Company
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