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OPERATIONS RESEARCH

by George L. Nemhauser

In 1961 I received a Ph.D. in opera-
tions research and joined the faculty of
The Johns Hopkins University. Not very
many people had heard of operations
research then. I recall several cocktail
conversations with dialogue like this:

I: I teach at Johns Hopkins.

She: How interesting; in what field?

I: Operations research.

She: It must be fascinating to be a
surgeon.

At that time and place, this response
was understandable. Johns Hopkins is
especially well known for its medical
school (as well as for its second-place
lacrosse team), and the name opera-
tions research is not descriptive of the
field. Other names like systems analysis,
industrial engineering, and management
science are also unsatisfactory—equally
undescriptive, too narrow, or with mis-
leading historical connotations.

The recognition of operations re-
search has surely improved to the extent
that confusion with medicine is no
longer a problem. I still feel, however,
that not many people know much about
operations research, and I have yet to

find a short definition that can see me
easily through the cocktail circuit. My
preference is to say that we in opera-
tions research work on problems con-
cerning the management of resources
—people, materials, machines—of pri-
vate and public organizations. By man-
agement I mean both short-term control
and long-term planning. Operations
research is a quantitative approach to
these decision-making problems in com-
plex systems. The systems generally
have many interrelated parts, some of
which may behave randomly.

DECISION MAKING AND
MATHEMATICAL MODELS

An operations research study involves
the construction of a model, which is
generally a mathematical representation
of an idealized version of a system. The
model is supposed to describe, approxi-
mately, the behavior of the system.

The feature that distinguishes opera-~
tions research from other approaches to
management problems is its quantitative
approach and reliance on mathematical
models. Thus operations research stud-
ies have an inherent scientific objectivity

that is both an asset and a limitation:
although the ability to formulate a
problem logically and precisely is an
advantage, there are many problems
that can be quantified only in part or
not at all. The feature that distinguishes
operations research models from tradi-
tional mathematical models used in the
physical sciences and engineering is
their emphasis on decision making. An
operations research model generally
incorporates many possible choices and
criteria that measure the performance
of the system relative to these options.
Performance is frequently measured in
economic terms.

The construction of a mathematical
model involves compromises between
accuracy and tractability. A model must
capture the salient features of a prob-
lem, yet it must be simple enough to
manipulate analytically, numerically, or
statistically. When an operations re-
search study does not succeed, fre-
quently the reason is that the model is
not an adequate representation of the
real problem. The part of the real
problem that could be handled quanti-
tatively might have been a trivial part of
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“...a quantitative approach
to...decision-making problems

in complex systems.”

the total situation or a nontrivial part
that was mistakenly assumed to be the
whole problem.

In the latter situation, operations re-
search can still be very useful so long as
it is recognized that guidelines rather
than answers are provided, or that the
answers provided are in response to
“what if?” kinds of questions. The con-
siderable amount of operations research
work that is now going on in the energy
sector is an example. I am optimistic
about the ability of current models to
provide useful guidelines regarding oil
production and consumption under as-
sumptions about OPEC policy. I would
be dubious, however, about quantita-
tive models that supposedly predict
OPEC policy.

Some argue that applied operations
research should be judged according to
whether the solution has been imple-
mented. This straightforward kind of
evaluation may be appropriate in the
private sector, but in the public sector
we may have to settle for less objec-
tivity and require only that the work in-
fluence the decision process.

For example, I once constructed a

model for the problem of dividing a
state into Congressional districts. The
work was in response to the Supreme
Court decision that declared unconsti-
tutional those state laws that created dis-
tricts without reference to the “one
man, one vote” principle. The court, of
course, recognized that “one man, one
vote” does not mean that every Con-
gressional district must contain exactly
the same population. Even though it
would be theoretically possible to
achieve almost exact equality of repre-
sentation, such redistricting would be
impractical and would be dominated by
geographical, social, and political con-
straints. The model I devised could
minimize population differences among
districts in accordance with certain
well-defined geographical and social
constraints. It could not, however, an-
ticipate many other necessary political
considerations. The model represented
the ideal case with respect to the legal
criteria for districting, and could be
used by the courts for purposes of com-
parison with politically realistic plans.
Also, it could provide many alternative
possibilities that could form the basis of

negotiation among the interested parties.

Although I cannot overemphasize the
importance of model building, not very
much is known about the process itself.
To a great extent, modeling is an intui-
tive process and an art. We teach it
largely by example and we learn it by
doing it and studying our mistakes as
well as our successes.

Models are analyzed or solved with
mathematical techniques and compu-
ters. More powerful techniques enable
us to work with more complex and
realistic models. The fields of mathe-
matics most commonly associated with
operations research are probability,
statistics, and optimization. Probability
and statistics are obviously important
because of the random behavior of
systems and the random samples that
are used in producing data for the
models. Optimization techniques are
the formal methods used to determine
decisions that maximize performance.
Computers are needed, of course, to
handle the large amount of data that is
required and the extensive computa-
tions that are involved in the analysis
of complex models. In principle, the












A WAR BABY COMES OF AGE

The Story of Operations Research at Cornell

by Andrew Schultz, Jr.

It began during the second World War
to help in the planning of military op-
erations. It soon spread to industry.
And it developed along with mathe-
matical modeling and the digital com-
puter. It is operations research, an
approach to decision making that has
become a part of an established en-
gineering discipline.

At Cornell efforts to build an edu-
cational program utilizing operations
research concepts began more than a
quarter of a century ago. Today the
School of Operations Research and
Industrial Engineering is one of the
major divisions of the University’s
College of Engineering, and the gradu-
ate Field of Operations Research is
growing in size and scope. This is an ap-
propriate time to appraise our program
and consider some continuing problems
in the evolution of the activity.

THE ORIGIN AND BACKGROUND
OF OPERATIONS RESEARCH

The term operations research, often re-
ferred to as OR, originated during the
war when the British set up groups to
study certain difficult military opera-

tions, such as the use of radar. These
groups proliferated organizationally and
in scope as they demonstrated the
value of the activities. There emerged
a realization that OR approaches could
be applied to the study of any complex
operation, and the term became gen-
erally accepted to mean the study of
operations for the purpose of providing
a better basis for decision making
through the use of measured predict-
ability. People in a variety of fields be-
came involved in OR, and among some
of them a certain degree of professional
self-awareness developed.

There was at that time no established
academic discipline directed to the
peculiar mix of topics and techniques
that constituted operations research,
but its foundations had been laid. Efforts
to promote “scientific management” in
industry had been initiated more than
seventy-five years ago by Frederick
Taylor and others. Indeed, a program
devoted to the decision problems of
operations design and management has
been in existence at Cornell for seventy-
five years. (The lineage of its leadership
runs from Dexter S. Kimball through

John Bangs, Harry Loberg, Andrew
Schultz, Jr., Byron W. Saunders, and
Robert E. Bechhofer, to the present
director of the School, George Nem-
hauser.) Some of the OR techniques
developed in Britain were, in fact, direct
applications of standard concepts taught
at Cornell and other institutions. Others
were direct applications of statistics as
that discipline developed—and as it
was taught here.

Nomenclature has always been
difficult. As early as 1931, Cornell
established within the mechanical engi-
neering school a program called admin-
istrative engineering, and some twenty
or twenty-five other academic institu-
tions followed suit. Industry began to
use the term in a more restricted sense,
however, and from 1951 to 1965 Cor-
nell used no title for the program,
though the name of the department was
changed to Industrial and Engineering
Administration. Cornell’s current desig-
nation of Operations Research and In-
dustrial Engineering reflects recognition
of the incorporation of techniques more
readily identified as operations research
than as engineering.















INTERFACING WITH INDUSTRY

by John A. Muckstadt and Lee W. Schruben

A manufacturing company saves a
million dollars a year by making more
effective use of a braze oven. More
efficient scheduling for an operating
room enables a hospital to cut costs and
give patients better service. The Navy
speeds up aircraft repair by keeping
spare engines where they are most
likely to be needed.

These are among the concrete bene-
fits that could result from projects con-
ducted by Master of Engineering
students at Cornell’s School of Opera-
tions Research and Industrial Engi-
neering. They demonstrate not only the
effectiveness and wide applicability of
OR methods, but also the possibilities
of a vital educational program.

In recent years the School has
strengthened its ties with industrial and
other working organizations in recog-
nition of the fact that such contact is
crucial for a teaching and research pro-
gram in a field that is changing rapidly
in scope, content, and function. OR
techniques, first developed in response
to military and then manufacturing
problems, are now being adapted by
service and public institutions as well,

in areas such as transportation system
design, health care delivery, financial
planning, and corporate management.
A good university program needs to
foster the extension of ideas and tech-
niques and at the same time keep in
touch with applications in the “real
world.”

THE M.ENG. PROGRAM
AS A COOPERATIVE VENTURE

Contact between the School and outside
organizations (manufacturing firms,
businesses, hospitals, government agen-
cies, etc.) is made through faculty con-
sulting activities and undergraduate
field studies as well as through the
Master of Engineering program; but
the project work for this professional
degree has become the major interface.

In this program, the main purpose is
to prepare students for careers as prac-
ticing engineers. For their required
project, they work individually or in
small groups to carry out a thorough
and practical analysis of a concrete
problem. The outside organizations
sponsor specific projects, which are
carried out under the cooperative guid-

ance of Cornell faculty members and
practitioners from the sponsoring
groups.

What kinds of problems are appro-
priate and how are they handled? The
most meaningful and successful projects
begin with a concrete situation to in-
vestigate, require the collection and
analysis of data, involve contact be-
tween the students and the operating
personnel, offer opportunity for apply-

ing knowledge learned in courses, and

are suitably limited in scope and dura-
tion. Students carry out all phases of
the project, from writing the proposal
to presenting recommendations; the
final report satisfies an academic re-
quirement, but is directed to and written
for the sponsor. Because the objective
is inherently educational, the students
are encouraged to be creative and to
analyze, question, interpret, and suggest.

Participation in such a project clearly
benefits students preparing for profes-
sional work. They undergo a form of
apprenticeship, gaining experience and
confidence, learning what not to do as
well as what to do, applying analytical
and quantitative skills learned in formal

12
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“The overall result ... .will be profound,

bringing about what may come to be regarded

as a second industrial revolution.”

ing offer opportunities to increase pro-
ductivity, provide better customer
service, and improve the utilization of
resources. New methods include both
technical advances, such as the use of
minicomputers in machine control and
material movement, and innovations in
management science. The overall re-
sult will be profound, bringing about
what may come to be regarded as a
second industrial revolution.

Cornell faculty members have special
interests in many aspects of material
control systems and are beginning to
cooperate with manufacturing firms and
other organizations in mutually useful
projects. In such arrangements, stu-
dents under faculty supervision will
conduct research on specific problems
presnted by the companies. The pro-
gram has the potential of expanding
Cornell’s research and teaching capa-
bilities and at the same time giving the
sponsors access to new methodologies
as applied directly to their operations.

One of the areas in which Comnell
faculty members and their students plan
to work is the design of automated ware-
house and production systems. Speci-

fic aspects include operating policies
and the interaction of the warehousing
system with other manufacturing func-
tions. A major effort is planned in the
area of computer software for the de-
sign of warehouse facilities; techniques
that can be developed and applied in-
clude interactive computing and com-
puter-aided design, especially with the
use of computer graphics.

In the field of production planning
and control, Cornell researchers are
especially interested in assembly-line
design, automated computer-controlled
material flow, and work-in-progress
inventory control. These techniques
could help manufacturers alleviate pro-
duction bottlenecks and shorten the
time lag between prototype and produc-
tion. The competitive advantage of
earlier market introduction of new
products is obvious.

The resolution of inventory manage-
ment problems is another area of
special interest at the School. For ex-
ample, a company with several ware-
houses might wish to establish a plan
for distribution and storage of stock
that would give better service to cus-

tomers and reduce the investment in
inventory. Both faculty research and
Master of Engineering project work
will contribute to the development of
workable and improved policies.

Cornell facilities in support of re-
search and project work on material
control systems will include a mini-
computer laboratory with graphic
capabilities and special laboratory
equipment. In some cases, a sponsor’s
computer facility can be used for
M.Eng. project work.

Theory and application: these are the
two faces of modern operations re-
search and industrial engineering, and
too often they are addressed indepen-
dently. We believe that cooperative
efforts by university and professional
groups, of the sort now being initiated
at Cornell, will help reconcile these
viewpoints. Academic research and
teaching on the one hand and pro-
fessional practice on the other are both
essential to the continued development
of the discipline, and they can and
should reinforce each other.
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DIVIDING UP THE PIE

Help from Operations Research
in Problems of Fair Distribution

by William F. Lucas

A mother dividing a cake among her
children, a utility company setting up a
rate schedule, a government assessing
taxes: all are confronted with the prob-
lem of how to make a fair distribution.
How should such decisions be made?
Can “fairness” be determined objec-
tively?

Fair distribution of benefits and
costs is an important issue in a partici-
patory democracy, as in a family, and
one that arises frequently in decision
making of all kinds. It is also a matter
of concern to operations research spe-
cialists, whose job is to provide objec-
tive methods of analysis of complex
systems and organizations. It is, how-
ever, an area in which traditional op-
erations research has not yet been
particularly successful.

Quantitative OR techniqués have
proved to be very useful in many other
kinds of problems. Efficiency improve-
ment and optimization of procedures
were among the early areas of applica-
tion and continue to be important. Sit-
uations that involve more than one
decision maker, strategic encounters,
or conflicting goals can be analyzed

according to game theory. Even cases
involving less tangible components,
such as consumer preferences or the
decision maker’s personal attitudes, are
handled with the use of modern utility
theory. Many problems involving a
substantial element of risk or uncer-
tainty are solved with the aid of var-
ious OR theories involving concepts
from probability and statistics. But
what about the concept of fairness? In
OR terms, the question is whether the
necessary fundamental theory and
practical techniques, or algorithms, can
be developed to deal successfully with
specific problems of allocation.

WAYS OF ALLOCATING
COSTS AND BENEFITS

The difficulties in making allocation
decisions arise in establishing the cri-
teria. Dividing a “budget pie” or dis-
tributing tasks among individuals
requires guidelines beyond the avoid-
ance of prejudice or self-interest. For
example, in arriving at a method for
auctioning off-shore oil leases, the De-
partment of the Interior must weigh
various factors; impartiality and the

overall welfare of the country are likely
to be of greater importance than max-
imizing income. In accepting bids for
the construction of new ships, the
United States Navy must by law select
the lowest bidder who meets the speci-
fications; nevertheless, the Navy also
has a legitimate concern for the health
of the ship-building industry.

Fairness is often defined in terms of
established principles involving general
notions about equality, symmetry, or
interchangeability, and it is often im-
plemented by a supposedly unbiased
official, authority, or arbitrator who
treats all alike. The decision maker may
be a mother attempting to meet the
needs and wants of her family, a judge
or jury trying to arrive at a just com-
promise in a liability or bankruptcy
case, or an administrator seeking to
eliminate bias or prejudice in assign-
ing responsibilities or determining sal-
ary increases. This approach to
faimess, though it may be based
upon certain standards, is essentially
authoritarian.

In contrast, there are more opera-
tional procedures that allow the par-



ticipants themselves to arrive at what
they agree is a fair division of the
goods. These schemes do not assume
that the persons involved have the same
preferences, nor that fairness has to be
defined in terms of fundamental rules
or absolute standards, or even in terms
of a technical concept such as “ex-
pected value” in statistics or “a mea-
sure” in analysis. In other words, there
exist methods for dividing up goods
which, under reasonable assumptions,
will assign each person a part that he
or she has declared to be fair. Three
simple examples illustrate the approach.

EXAMPLE NUMBER 1:
DIVIDING A CAKE

There is a well known way to divide a
finely divisible commodity such as a
cake or a parcel of land between two
persons: One of the people divides the
commodity into two pieces and the
other makes a choice. The decision as
to who will cut can be made by the flip
of a coin or by some other ad hoc rule.
It is assumed that either piece is ac-
ceptable to the “cutter,” and that at
least one satisfies the “chooser.”

“Problems of equitable distribution
can only become more urgent

as participants . ..grow more numerous,
goods become scarcer, and costs rise.”

This scheme can be extended to
three participants as follows. One per-
son, denoted by 1, partitions the com-
modity S into three disjoint pieces, S,,
S., and S;. Each of the remaining two
participants, denoted by 2 and 3, simul-
taneously (or merely in ignorance of

" the other’s choice) makes a declaration

as to which of the pieces S,, S;, and S,
are acceptable. This information can
be summarized in a 3 by 3 array as
indicated in Figure 1. An entry of 1
means that the indicated piece is ac-
ceptable to the corresponding player; a
0 means it is unacceptable. For ex-
ample, the array in Figure 1 indicates
that any one of the three pieces is ac-
ceptable to person 1; only piece S, is
acceptable to 2; and either S: or Ss is
fair in the eyes of 3. In this case, a fair

Figure 1
S: S: Ss
g 1 1 1 1
g 2 0 0
~ 3 1 0 1

allocation is obtained by assigning S,
to2,S;t03,and S, to 1.

Of course, this procedure will not
always give rise to a unique assignment,
as in the illustration. It seems natural
to impose in general the condition that
any one of the three pieces is accept-
able to the person who cuts and that
each of the other people considers at
least one of the three pieces to be a
fair assignment. Even so, there may
still arise cases in which a solution is
not immediately evident. Suppose, for
example, that person 2 and person 3
both want the same piece, as indicated
in Figure 2. What can be done?

Figure 2

S Sz Ss
] 1 1 1 1
2 2 o 0 1
& 3 0 0 1

First of all, we can assume that since
2 and 3 have both declined pieces S,
and S., they have no objection if one

18












VANTAGE

OR Alumni
Hold Reunion

B Ph.D. alumni of Cornell’s program
in operations research and industrial
engineering came from all over the
United States and several foreign coun-
tries to attend a 1977 reunion and
conference in celebration of the
twenty-fifth year of the program. Of the
eighty-nine Ph.D. graduates, an impres-
sive total of thirty-nine joined the faculty
for the meeting held June 5-7. Most of
the delegates appear in the picture on
the opposite page.

Identification of alumni and Cornell
faculty members is given according to the
numbered key shown below the picture.
The names of alumni are followed by the
year in which they received their doctor-
ates and their place of employment. The
names of Cornell faculty members (not
italicized) are followed by their specialty
fields. (A few of the delegates are both
Cornell graduates and Cornell professors.)
Information about the delegates was sup-
plied by Professor Robert E. Bechhofer.

1. Bharat T. Doshi ’74: Department of
Statistics, Rutgers University. 2. William
L. Maxwell ’61: scheduling, simulation. 3.
Warren E. Walker '68: The Rand Cor-

poration, Santa Monica, California. 4.
Dwight E. Collins '73: Logistics Manage-
ment Institute, Washington, D.C. 5. Linus
E. Schrage ’66: Graduate School of Busi-
ness, University of Chicago.

6. Byron W. Saunders: industrial sys-
tems. 7. Robert B. Rovinsky '76: Economic
Research Service, U.S. Department of
Agriculture. 8. Robert E. Blau ’75: Mem-
ber of New York Option Exchange. 9.
Mark J. Eisner '70: Exxon Corporation,
Florham Park, New Jersey. 10. Richard
H. Bernhard ’61: Department of Indus-
trial Engineering, North Carolina State
University at Raleigh.

11. Edward J. Ignall ’66: Mathematical
Methods and Operations Research, Co-
lumbia University. 12. Ellen A. Cher-
niavsky ’73: Brookhaven National
Laboratories, Upton, Long Island, New
York. 13. Ajit K. Tamhane ’75: De-
partment of Industrial Engineering and
Management Sciences, Northwestern Uni-
versity. 14. Donald Gross '62: Depart-
ment of Operations Research, The George
Washington University. 15. Fernando
Garagorry '71: EMBRAPA, Brasilia,
Brazil.

16. David N. Freeman ’'36: Ketron,
Inc., Wayne, Pennsylvania. 17. Lee W.
Schruben: simulation. I8. William G.
Costello '73: Sidney Farber Cancer Cen-
ter, Boston, Massachusetts. 19. Robert W.
Deming (visitor): Department of Mathe-
matics, State University of New York at
Oswego. 20. James R. Fergusson '74: Bu-
reau of Management Consulting, Supply
and Services, Ottawa, Canada.

21. Brant E. Fries '72: Center for Com-
munity Health Systems, Columbia Uni-
versity. 22. Bruce Turnbull *71: applied
statistics. 23. Mainak Mazumdar ’66:
Westinghouse Electric Corporation, Pitts-
burgh, Pennsylvania, 24. Henry M.
Goldberg °76: Faculty of Business Ad-
ministration and Commerce, University of
Alberta, Canada, 25. Jeffrey J. Green '72:
School of Business, Ball State University.

26. Lionel 1. Weiss: statistical decision
theory. 27. Henry P. Goode (emeritus):
industrial statistics. 28. Andrew Schultz,
Jr.: systems analysis. 29. Udai K. Garg
’77: Jodhpur (Rajstahan), India. 30.
Robert E. Bechhofer: applied statistics.

31. Francis Hsuan ’74: Department of
Statistics, Temple University. 32. Stephen
R. Kennedy ’73: Department of Industrial
and Systems Engineering, San José State
College. 33. Wayne F. Bialas '75: Depart-
ment of Industrial Engineering, State Uni-
versity of New York at Buffalo. 34. Leslie
E. Trotter, Jr. *73: discrete optimization.
35. Narahari U. Prabhu: stochastic pro-
cesses, queuing.

36. Douglas R. Miller ’71: Department
of Mathematics, University of Missouri.
37. Louis J. Billera: game theory, com-
binatorics. 38. Deepak K. Merchant '74:
Stanford Research Institute, Menlo Park,
California. (We report with regret that Dr.
Merchant was recently killed in an acci-
dent in Squaw Valley.) 39. John S. Ram-
berg ’69: Program in Industrial and
Management Engineering, The University
of Iowa. 40. Murad S. Taqqu: applied
probability and statistics.

41. John A. Muckstadt: inventory and
logistics control. 42. Robert E. Bixby ’72:
Department of Industrial Engineering and
Management Sciences, Northwestern Uni-
versity. 43. Kripa Shanker '77: Depart-
ment of Industrial and Management
Engineering, Indian Institute of Technol-
ogy, Kanpur, India. 44. David C. Heath:
applied probability.

Cornell professors not in the picture,
and their specialty areas, are Richard W,
Conway ’58: information processing sys-
tems; William F. Lucas: game theory,
combinatorics; George L. Nemhauser:
mathematical programming; Thomas J.
Santner: applied statistics; Howard M.
Taylor 3d: applied probability; and
Michael J. Todd: mathematical program-
ming.
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FACULTY

PUBLICATIONS

The following publications and conference
papers by faculty and staff members and
graduate students of the Cornell College of
Engineering were published or presented
during the period November 1977 through
February 1978. Earlier publications inad-
vertently omitted from previous listings are
included here in parentheses. The names of
Cornell personnel are in italics.

M AGRICULTURAL
ENGINEERING

Balthazar, J. A., and Scott, N. R. 1978. Re-
sponse of the dairy cow’s teat by finite ele-
ment analysis. In Proceedings of international
symposium on machine milking, pp. 63-79.
Washington, D.C.: National Mastitis Council.

Loehr, R. C., ed. 1977. Food, fertilizer and
agricultural residues. Proceedings of 9th
Cornell Waste Management Conference.
Ann Arbor, Michigan: Ann Arbor Science
Publishers.

Ludington, D. C., and Sobel, A. T. 1977.
Storability of partially dried laying hen
manure. In Food, fertilizer and agricultural
residues, ed. R. C. Loehr, pp. 581-598. Ann
f’}r}?or, Michigan: Ann Arbor Science Pub-
ishers.

Martin, J. H., Jr., and Loehr, R. C. 1977.
Economic comparison of the oxidation ditch
and high-rise manure drying as poultry waste
management alternatives. In Food, fertilizer
and agricultural residues, ed. R. C. Loehr,
pp. 533-548. Ann Arbor, Michigan: Ann
Arbor Science Publishers.

Masemore, B. J., and Rehkugler, G. E. 1977.
Influence of Tractor Geometry and Mass on
Side Overturns. Paper read at Winter Meet-

ing of American Society of Agricultural En-
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