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Opposite: Some of Leonardo da Vinci’s drawings for his ornithopter, a man-powered
flying craft. This is an early, dramatic example of the combination of biological
observation and engineering.
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bird which has a seven-foot wingspread
but has a skeleton made of hollow,
tapered bones which weighs only four
ounces.

Further, if the type of chemical reac-
tions utilized by living systems could
be applied to engineering, man’s world
would be revolutionized. Chemical
energy, for instance, is used extensively
by biological systems, yet relatively little
in technology. For example, we might
exploit the electric ray fish’s means of
storing electrical energy in its electro-
plaques; they generate a 50 amp. pulse
at 60 volts which is 3,000 watts, or
0.1 watt per gram of body weight.
Bioluminescence as a source of illum-
ination is also conceivable, as is the
use of biochemical fuel cells as a source
of power. Our bodies efficiently store
energy by means of adenosinetriphos-
phate (ATP) while engineering uses
bulky storage batteries. The use of ATP
or something like it may one day be
possible in technology. Similarly, we
may learn to use photosynthesis or an
analogous process as a primary energy
source,

In the area of systems control, chem-

ical devices would have the advantage
of being faster and more efficient, sta-
ble, and sensitive than presently used
methods. Chemical communication, so
widely used in the insect and animal
worlds—by marching ants, snails, dogs,
and cats, for example—has yet to be
widely employed in technology. The
body maintains homeostasis or equi-
librium by means of hormones and
enzymes which trigger the production
of body ‘“components” at all levels
through chemical micropower which is
both reversible and sensitive. It is con-
ceivable that this type of communica-
tion and control could be used in
industry to replace large relays and
switching systems. Computer scientists
often count the “generations” of com-
puters as follows: electromechanical,
vacuum tubes, transistors and cores,
and integrated circuits; the next gener-
ation might be fluidics or cryogenics,
but some future generation will be
chemical or biochemical.

Another possible application of bion-
ics might be the development of elec-
trical conductors that work like neurons.
The electrochemical neural signal suf-

fers no attenuation because its power
source, a concentration of sodium on
one side and potassium on the other,
is distributed all along the neuron. Per-
haps electrical conductors will someday
be made using a similar arrangement.

The half million fibers of a frog’s
optic nerve are able to reestablish their
original connections with one another,
even after the nerve is severed and one
segment is partially rotated. This would
be a very useful capability to build into
telephone line cables.

The sensitivity and flexibility of the
chemical control of muscles might be an
example on which to base the design
of engineering devices. The muscle’s
force is delivered by the individually
regulated contractions of thousands of
fibers. Such a mechanism, if translated
into technology, would be invaluable in
the handling of delicate parts by auto-
matic machines. Better pumps might be
designed by imitating the heart’s distrib-
uted pumping action which is likewise
performed by muscle fiber contractions.

The filter in the nostrils of the alba-
tross that enables it to drink sea water
might provide a useful model for man’s




































it will ask for permission to get more.

The Wanderer’s computer maintains
a copy of the World Map in addition to
the original. The code numerals in the
copy can be manipulated without alter-
ing those on the original map. In this
way, the robot can answer speculative
questions: “If the object at 18-H/19-H
were moved to 3-K/3-L, would T be
observable from 6-F at any time dur-
ing my move to Point 12-1?” While the
computer is working through the prob-
lem, the robot makes no overt move-
ments, nor does it lose touch with
reality as indicated by the original
World Map. It should also be possible
to use the two copies of the World Map
to compute “anticipated transforma-
tions” of moving objects and in this way
begin to deal with some of the problems
of perception mentioned earlier.

The World Map gives us a very
concrete handle on which to hang the
concept of machine ‘“understanding.”
For example, suppose the code number
7 means that the machine has been told
that the region involved contains a
movable object. Now, if the machine is
told, “there is a movable object in the
region of the room corresponding to
square 3-E of the World Map” and if
the machine then changes the entry in
square 3-E of its World Map to code
number 7, there is some justification
for saying that the machine understood
what we meant, If we reword the infor-
mation or say it in German, and if in
each case the machine enters the code
number 7 in square 3-E of its World
Map, it is reasonable to assert that it
understood the meaning in each case. If
it does not so update the entry, we can
assert that it did nor understand, no
matter how many times it nods, bows,

15 and prints out “I understand, I under-

stand.” We hope to develop similar
techniques to apply to the problem of
machine comprehension of natural lan-
guages, starting with word associations
and connotations, and moving to such
higher abstractions as concepts and
analogies.

SELF-REPRODUCTION
AND SELF-REPAIR

One of the characteristics of living
systems is their ability to reproduce
themselves. Von Neumann proved
mathematically some years ago that it
was possible, in principle, for a machine
to do this also. His models were, how-
ever, very complex and his theory was
not implemented by any hardware.
Since then, great progress has been
made in the field of molecular biology.
A seminal development in this was the
Watson-Crick model for DNA which
has been extended to include a theory
of the production and regulation of
enzymes and proteins. These develop-
ments suggest that many biological
processes soon may be understood in
detail. The systems analyst could then
build simplified hardware and computer
simulator models of such systems for
the purpose of eventually producing
mechanical models of embryogenesis,
which is the process by which a single
cell develops into a complex individual
with specialized organs. The difficulties
encountered by engineers in designing
devices to carry out these specific func-
tions are paralleled by currently open
questions in biological theory. As the
biologist learns the answers to these
problems, the systems analyst will be
able to build more accurate models.
Ultimately, one might hope to use this
knowledge to build machines that can
“grow” themselves. In particular, the

elaborate internal connections required
in a computer might be made self-organ-
izing. The telephone system already has
an error diagnosis and a self-repair
capability in many of its switching cir-
cuits. This is another solution to the
problem of building reliable systems
from unreliable components.

When we understand embryogenic
systems more completely, we can “engi-
neer” individuals to desired specifi-
cations. The humanists are already
bewailing this possibility, but let the
Chinese start breeding 12 foot basket-
ball players, or six-armed hockey play-
ers, and the stampede will be on.

THE FUTURE WITH ROBOTS

The purpose of all engineering is the
fulfillment of human needs. As we learn
to tmitate biological functions with
engineering devices, we increase our
capacity for directly assisting the human
organism. We are already so accus-
tomed to eye glasses and hearing aids
and insulin for diabetics that we almost
regard them as a part of our nature. We
have, now, the heart-lung machine, arti-
ficial kidneys, cardiac pacers, and sen-
sory prosthetics. We will soon be able
to control machines by eye movement,
or even by mental effort. In the near
future we will have bio-technological
means for producing food, for eliminat-
ing pollution in water and air, for dis-
posing of garbage and sewage, and for
stabilizing the biochemical environment
of the planet. But in this new world in
which computers and robots will have
a large role, we humans will have to
develop new social goals and generate
constructive enthusiasm for a new way
of life. The merger of engineering with
biology will revolutionize the human
condition.



This computer-controlled device amplifies
and feeds myoelectric signals from the
trapezius muscle in the shoulder to the
stimulator located over the paralyzed
lower arm muscles thus enabling the
patient to open or close his hand. The
whole arm is moved by a computer-con-
trolled gas-splint which is activated or
halted by eyelid movements.

Courtesy of Case Institute of Technology.

Henry D. Block is Professor of Applied
Mathematics in the College of Engineer-
ing’s Department of Theoretical and
Applied Mechanics.

Professor Block received the Bachelor
of Science and the Bachelor of Civil
Engineering degrees from the City College
of New York. He then became an experi-
mental flight test engineer and later a
stress analyst for the Goodyear Aircraft
Corporation, after which he was an aero-
dynamicist with the Fairchild Engine and
Airplane Corporation. He received both
the Master’s and the Doctor of Philosophy
degrees in mathematics from lowa State
University in 1947 and 1949.

Since then, Mr. Block has had an exten-
sive career in teaching and in academic
research. He joined the Cornell Depart-
ment of Mathematics in 1955 and the
Department of Theoretical and Applied
Mechanics in 1958, having already taught
mathematics at lowa State University and
the University of Minnesota.

Professor Block is a reviewer for
Mathematical Reviews, Applied Mechan-
ics Reviews, and Computing Reviews. He
is a member of the American Mathemati-
cal Society, the Mathematical Association
of America, the Institute of Electrical and
Electronics Engineers, the New York
Academy of Sciences, the American Asso-

ciation for the Advancement of Science,
the Society for Industrial and Applied
Mathematics, the Association for Com-
puting Machinery, Phi Beta Kappa, Phi
Kappa Phi, Pi Mu Epsilon, Tau Beta Pi,
and Sigma Xi. Mr. Block is also on the
Faculty Board for Cornell United Reli-
gious Work (CURW).

Professor Block and Professor Anil
Nerode, of the Department of Mathe-
matics, are coinvestigators in a study of
robots which is supported by the Air
Force Office of Scientific Research (Grant
AF-AFOSR-1013-66) to the Cornell Cen-
ter for Applied Mathematics.
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the quality of the world’s fossil mineral
ores declines, mankind will look to
biological systems to help wrest miner-
als from such reservoirs as the sea. Not
only single cells but tissues and entire
organs will be artificially cultivated.
Engineers will have a role in making
genetic manipulation possible. Life-sup-
port systems will be commonplace, not
only in space, but underwater as well.
Pigments, drugs, and flavors from the
higher plants will one day be produced
not by the harvesting of whole plants
but by the selective growth of special-
ized tissues. Industrial rather than agri-
cultural equipment will be used to grow,
harvest, and refine.

These are just a few of the bright
possibilities. Engineers qualified in phys-
ics and mathematics and in chemistry
and biology as well, will help provide
more livable conditions for society in
the next century.

Robert K. Finn, Professor of Chemical
Engineering, took both the Bachelor and
the Master of Chemical Engineering

degrees from Cornell in 1941 and 1942.
He then worked for four years as a
research engineer for Merck and Com-
pany, Incorporated, on recovery proces-
ses for antibiotics before returning to
graduate school at the University of
Minnesota where he took the Doctor of
Philosophy degree in 1949.

After taking the doctorate, Professor
Finn taught at the University of Illlinois
where he established a program of teach-
ing and research in bioengineering within
the Chemical Engineering Division. Dur-
ing that time, he consulted for the
Commercial Solvents Corporation and the
VioBin Corp. In 1955 he joined the
faculty at Cornell where his principal
interests have been continuous culture of
microorganisms and the engineering prob-
lems of aeration and agitation. He now
consults for the International Minerals &
Chemical Corp.

Professor Finn was a delegate to the
First International Fermentation Sympo-
sium in Rome, in 1960, and spent the
academic year 1961-62 in Stuttgart,
Germany, as a Fulbright Research Profes-
sor.

He is a member of the Program Com-
mittee for the American Institute of
Chemical Engineers; is former chairman
of the Division of Microbial Chemistry

and Technology of the American Chem-
ical Society; was Symposium cochairman
at the Seventh Microbial Congress, Stock-
holm, 1958, for the American Society of
Microbiologists; and is a Fellow of the
American Association for the Advance-
ment of Science.

Victor H. Edwards, Assistant Professor
of Chemical Engineering, came to Cornell
in the autumn of 1967 from the Univer-
sity of California at Berkeley where he
took the doctoral degree, and where he
worked at their Lawrence Radiation Lab-
oratory doing engineering analysis of the
growth kinetics of sulfate-reducing bac-
teria. He took the Bachelor of Arts degree
in 1962 from Rice University.

Professor Edwards has had wide-rang-
ing industrial experience working for the
Forest Products Laboratory of the Uni-
versity of California Richmond Field Sta-
tion, the Shell Chemical Company, the
Humble Oil & Refining Company, and the
Union Carbide Corporation.

He is a member of the American Insti-
tute of Chemical Engineers, the American
Chemical Society, the Society for Indus-
trial Microbiology, Phi Lambda U psilon,
and Sigma Tau.
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training in one of the numerous
bioengineering areas. For both, careful
program planning is essential. For the
first, satisfying the medical school
entrance requirements is paramount;
for the second, priority goes to obtain-
ing a sound engineering background.

UNDERGRADUATE
ALTERNATIVES AT CORNELL

An  undergraduate  engineering
student at Cornell who is interested
in biology or medicine can follow
either of two plans: he can enroll in
one of the traditional engineering Field
Programs, for example, electrical
engineering or chemical engineering,
and use his elective time to take
courses in biological sciences; or he
can enroll in the College Program. A
student in the College Program, with
advice from a committee of selected
faculty members, plans his own course
of study so that he will fulfill the
basic engineering science requirements;
majors in one of the traditional areas
of engineering, taking perhaps half
the course work taken by those who
major in the field alone; and devotes

the rest of his time to courses in
biology, organic chemistry, and other
relevant subjects. Thus, a student who
is interested in medical engineering
might take courses in anatomy and
physiology; a student who is interested
in food production might take bac-
teriology and microbiology.

In practice, the difference between
Cornell’s Field Program and College
Program has not been as great as
might have been expected. Most College
Program students who are interested
in biology feel that they must have
strong backgrounds in their major
engineering fields to avoid being
“neither fish nor fowl”—neither
engineer nor biologist. But they also
feel that they must get more than the
minimal amount of biology; they
usually take extra courses and attend
summer sessions in order to obtain a
sound preparation in both areas.

Several undergraduates who have
been interested in bioengineering have
found learning and professional
opportunities in the Engineering
Cooperative Program. One of the
cooperating industries, the Sanborn

Division of Hewlett-Packard, has
employed two Cornell students in its
medical instrument design department.
Further, during their sessions spent in
industry, the Co-op students often
have the opportunity to take a course
or two in an area night school, and
for some this has been the opportunity
to do the necessary extra work in
biology and chemistry.

GRADUATE AND
PROFESSIONAL WORK

Several paths are open to a student
after he receives his Bachelor’s degree.
Many of Cornell’s bioengineering
students have gone to medical school.
They are more research-oriented than
typical medical school graduates, and,
as one might expect, a higher
percentage of them eventually enter
medical research.

Many engineering graduates wish to
go to a graduate school that has a
formal program in bioengineering. Of
those who enroll for graduate study
at Cornell, a few become so involved
in biology that they ultimately choose
a major subject

in the biological 28



“Great as is the contribution of engineering
to the hardware requirements of the various
biological fields, its contributions of insights
and procedures are of equal importance.”

sciences. Usually, however, a student
will choose his major from one of the
engineering Fields, a minor from some
area of biology, and do his research on
some subject related to biology. The
following theses titles are indicative of
the kinds of research being done by
graduate students at Cornell: “The
Spinal Electrogram in Decerebrate and
Deafferented Cats,” “A Rapid-Scan-
ning Spectrophotometer for Biological
Materials,” “Input-Output Relations of
a Slowly Adapting Mechanoreceptor
Found in the Skin of a Cat,” and
“Non-Parametric Learning Control.”
Some of those now working in engi-
neering-medical areas have an aca-
demic background which is purely
engineering. Mr. Wilson Greatbatch, a
Cornell graduate who took his degree
in electrical engineering in 1950, is an
outstanding example. His firm, Men-
non-Greatbatch Electronics, Incorpo-
rated, in Clarence, New York, develops
and manufactures intensive-care moni-
toring equipment and cardiac pace-
makers. He works closely with medical
doctors in developing this equipment,

29 each member of the team contributing

knowledge from his area of specialty.
Although he appears to have an exten-
sive knowledge of medicine, Mr. Great-
batch maintains that he is in no sense
a medical authority and that his
contributions in this field are entirely
technological in nature.

BIOENGINEERING,
A CHANGING FIELD

The cooperation between engineers
and biologists began when biology
ceased to be so much a descriptive
science and became a precise one
requiring the tools of mathematics and
technology. As the field of bioengi-
neering evolves, its research and edu-
cational programs are often not clear-
cut. Work in bioengineering is being
pursued throughout the country by
small groups whose members have
different scientific and technical spe-
cialities but who are working toward
a common goal. To keep pace with
such an unstructured and fluctuating
field, educational programs of great
flexibility will be required.

Nelson H. Bryant is a Cornellian who
took both the Bachelor of Electrical En-
gineering and the Master of FElectrical
Engineering degrees from this University.

After obtaining the Bachelor’s degree
in 1939, he worked for the Westinghouse
Electric Company as a lamp development
engineer, then became an electronics offi-
cer in the United States Naval Reserve
from 1944 to 1946.

While working toward the Master's
degree, he was an instructor in Cornell’s
School of Electrical Engineering. After
taking the degree, he became Assistant
Professor, and in 1954 became an Asso-
ciate Professor of Electrical Engineering.

Professor Bryant is one of several fac-
ulty members interested in bioengineering.
His research has concerned instrumenta-
tion for measuring the oxygen uptake of
living tissues and optical studies relating
to metabolism. He is also interested in the
development of course curricula for the
emerging field of bioengineering.

Myr. Bryant is a member of the Ameri-
can Institute of Electrical and Electronics
Engineers, Eta Kappa Nu, and Tau Beta
Pi and is a member of the Faculty Ad-
visory Committee for ENGINEERING:
Cornell Quarterly.






found in a particular body of water
significantly helps the sanitary engineer
to foresee pollution problems. Further,
this knowledge enables him to detect
the indirect responses of natural aquatic
systems to such engineering projects as
draining swamps and dredging channels.
These secondary responses, too often
overlooked by project designers, can
cause a deterioration in water quality
which will negate or greatly compro-
mise the original project goals.
Damming a stream, for example,
causes increased water loss through
evaporation, and also causes a reduc-
tion in the quantity of suspended mate-
rial in the water because in the quiescent
conditions of impoundment, this mate-
rial settles to the bottom. The designers
of the dam probably would anticipate
that impoundment-induced reduction in
suspended load would increase the
potential for erosion of the downstream
channel. However, a second, and less
apparent, consequence of impoundment
is that the released water may support
considerably more algal growth than
would be found in similar unimpounded

31 water. Two factors speed this growth:

the greater penetration of light into the
water owing to the reduction of sus-
pended materials, and the evaporation-
induced concentration of plant nutrients.

To produce a desired water quality
in lake, stream, or estuary, the sanitary
engineer must (1) outline the ecological
situation in a given body of water, (2)
formulate and implement an optimal
water quality control program, and (3)
continually reassess the adequacy of
the program in terms of future ecologi-
cal changes. This process may be called
“ecological engineering,” and its basis
is the ecology of the aquatic environ-
ment.

AQUATIC ECOLOGY

Natural bodies of water are dynamic
systems because of the constant inter-
play of physical, chemical, and biologi-
cal forces. Gravity, thermal density
gradients, and the action of winds pro-
mote or retard circulation and/or
translation of the water mass. Chemical
oxidation, reduction, precipitation, and
dissolution change the composition of
materials dissolved in the water. Such
chemical changes may also affect the

pH of the water. The biochemical
transformations effected by flora and
fauna are of particular interest in pol-
lution control and water management.

The biological community in a lake,
stream, or estuary includes bacteria,
algae, protozoa, crustaceans, rooted
aquatic plants, bottom-dwelling ani-
mals, and fish. Because bacteria and
algae usually are responsible for the
significant pollution-induced changes in
water quality, these organisms receive
the engineer’s greatest attention. But, in
maintaining the balance in an aquatic
ecosystem, each form of life is
important.

A stable ecosystem is characterized
by a wide variety of life forms with
relatively low numbers in each species.
In a “clean” stream or deep mountain
lake, the small floating plants, phyto-
plankton, feed on dissolved organic and
inorganic compounds. These com-
pounds enter the water via decayed
plant and animal matter and the leach-
ing of rocks and soil. Small floating
animals, zooplankton, feed on phyto-
plankton and on each other. The plank-
tonic community in turn, serves as food






























FACULTY

PUBLICATIONS

The following publications and conference
papers by members of the Cornell College
of Engineering faculty were published
between the months of August and Octo-
ber, 1967. In cases of coauthorship, the
names of Cornell faculty members are
in italics.

B AGRICULTURAL
ENGINEERING

Eurrys R.*° B and SHazen Al R
“A Constant Temperature Model of
the Ventilation-Dilution Phenomena,”
Transactions of the ASAE, general edi-
tion, 10:2 (Aug. 1967), 188-195.

Levine, G., “Drainage Research Prob-
lems and Needs,” Paper No. NA67-
410, presented at the North Atlantic
Region ASAE Conference, Laval Uni-
versity, Quebec, Aug. 1967.

Loehr, R. C., “Anaerobic Treatment of
Wastes,” presented at the 24th Annual
Meeting of the Society for Industrial
Microbiology, London, Ontario, Aug.
1967.

Loehr, R. C., “Pollution Implications
of Animals Wastes—A Forward Ori-
ented Review,” report prepared for
the Federal Water Pollution Control
Administration, Contract 13-12-88,
Oct. 1967.

Loehr, R. C., and Agnew, R. W,
“Cattle Wastes—Pollution and Poten-
tial Treatment,” Proceedings of the
ASCE, Journal of Sanitary Engineer-
ing, Vol. 93, No. SA4 (1967), pp.
55-73.

B CIVIL ENGINEERING
Dworsky, L. B., “Water Resources

41 Manpower,” position paper presented

at, and sponsored by, the Universities’
Council on Water Resources, Cornell
University, Ithaca, N.Y., Fall 1967.

Harris, H. G., Sabnis, G. M. and
White, R. N., “Small-Scale Ultimate-
Strength Models for Concrete Struc-
tures,” presented at the 1967 Annual
Meeting of the Society for Experimen-
tal Stress Analysis, Chicago, Oct. 1967.

Harris, H. G., and White, R. N., “Prob-
lems Associated With Small Scale
Direct Models of Shell Structures,”
presented at the International Congress
on Application of Shells in Architec-
ture, Mexico City, Sept. 1967.

Leibovich, §., “Magnetohydrodynamic
Flow at a Rear Stagnation Point,”
Journal of Fluid Mechanics, Vol. 29,
Part 2 (Aug. 1967), pp. 401-413.

Leibovich, S., “On the Differential
Equation Governing the Rear Stagna-
tion Point in Magnetohydrodynamics
and Goldstein’s ‘Backward Boundary-
Layers,”” Proceedings of the Cam-
bridge Philosophical Society, 63 (Oct.
1967), 1327-1331.

Loucks, D. P., “Computer Models for
Reservoir Regulation,” presented at the
annual meeting of the ASCE, New
York City, Oct. 1967.

Loucks, D. P., and Lynn, W. R., “Lin-
ear Programming Models for Water
Resources Management,” presented at
the 14th International Meeting of the
Institute of Management Sciences,
Mexico City, Aug. 1967.

Maier, W. J., Behn, V. C., and Gates
C. D., “Simulation of the Trickling Fil-
ter Process,” Proceedings of the ASCE,
Journal of Sanitary Engineering Divi-
sion, Vol. 93, No. SA4 (Aug. 1967),
pp. 91-112.

B COMPUTER SCIENCE

Brown, K. M., “CORMAT: Cornell
University Mathematical Subroutine
Programs,” Office of Computer Serv-
ices Users’ Manual, Cornell Univer-
sity (Oct. 1967), 6-5—6-43.

Brown, K. M., and Conte, S. D., “The
Solution of Simultaneous Nonlinear
Equations,” Proceedings of the Asso-
ciation for Computing Machinery
National Conference (Aug. 1967),
111-114.

Hartmanis, J., “On Memory Require-
ments for Context-Free Language
Recognition,” Journal of the Associa-
tion for Computing Machinery, 14:4
(Oct. 1967), 663—665.

Hartmanis, J., and Davis, W. A,
“Homomorphic Images of Linear
Sequential Machines,” Journal of Com-
puter and System Sciences, 1:2 (Aug.
1967), 155-165.

Hoperoft, 1. E.; and Ullman =) D
“An Approach to a Unified Theory of
Automata,” Bell System Technical
Journal, 46:8 (Oct. 1967), 1783—
1829. Conference Record of 1967
Eighth Annual Symposium on Switch-
ing and Automata Theory (Oct. 1967),
140-147.

Hopcroft, J. E., and Ullman, J. D.,
“Nonerasing Stack Automata,” Journal

of Computer and System Sciences 1:2
(Aug. 1967), 166—-186.

Hopcroft, 1. E., and Ullmamn;, *J. D.,
“Two Results on One-Way Stack Auto-
mata,” Conference Record of 1967
Eighth Annual Symposium on Switch-
ing and Automata Theory (Oct. 1967),
3744,

Hopcroft, J. E., and Weiner, P., “Mod-
ular Decomposition of Synchronous
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