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The prime force behind the writing of this book was Dr. Bernard O.
Koopman, who, as a member of the Operations Evaluation Group (OEG)
during World War II, left a lasting imprint on operations research through
his seminal work in search theory. While visiting the Center for Naval
Analyses (CNA) in 1979, to give a talk on the principles of search, Dr.
Koopman urged that OEG’s history be written as soon as possible. He
teared that with the passing of some of the key players, especially those
whose affiliation dated back to World War II, a significant slice of OEG’s
Institutional memory would be irretrievably lost.

Dr. Koopman’s urgings found a receptive ear in Dr. Phil E. DePoy, the
director of OEG, and Mr. David B. Kassing, then the president of CNA. Dr.
DePoy and Mr. Kassing believed that, in view of the group’s upcoming
fortieth anniversary, the time for preparing a history of OEG was
particularly ripe. The project was easy to justify on other grounds, too.
First, OEG, now a part of the Center for Naval Analyses, is the oldest
military operations analysis group in the United States, with its origins in
the early days of America’s involvement in World War II.

Further, OEG was a pioneer in developing or refining many of the
methodologies that have long since become fundamental to operations
research. At the time of OEG’s founding in early 1942, operations research
stood as an embryonic and arcane science. The group’s early work —which
helped remedy the relative obscurity of operations research, as well as its
lack of a formal framework apart from the other sciences—resulted in such
classical texts as Morse and Kimball’s Methods of Operations Research
(MIT and Wiley, 1951; originally OEG Report 54, 1946) and Koopman’s
search and Screening (Pergamon, 1980; orginally OEG Report 56, 1946).

Also, for the first half of its history, OEG served as the navy’s main—
and, for many years, its only—civilian advisor engaged in operations
research. OEG’s history has therefore been wedded to the navy’s history.
Three wars, a variety of large and small crises, the threat posed by
potential adversary nations, new technology, and realigned priorities and
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expectations within the navy itself demanded innovative thinking among
OEG’s ranks. How the group adjusted to these undulations is described in
this book.

Research for the book began in early 1981, with some concern on my
part that [ would be stymied by yawning gaps in the records. On the
contrary, I discovered that the archives at CNA were quite complete. These
official records, of both an administrative and scientific nature, were
supplemented by the contributions of some long-time members who were
inveterate collectors of “paperwork’ often not available in the files. In
addition, I was made privy to the insights of past and present members

who consented to be interviewed in order to provide background intorma-
tion on events.

Access to these various sources was made much easier by my being a
member of OEG. Another advantage was my security clearance, which
permitted me to search through the classified literature—though I should
stress that the material in this book has been thoroughly reviewed for
public release. One final advantage of this affiliation was my familiarity
with the work OEG does in support of the Navy, which proved inordin-
ately helpful in discriminating, from the outset, between important matters
and probable blind alleys or trivia. I would like to underscore, however,
that although the book was sponsored and reviewed by OEG, i1t 1s not an
“official history,” in the sense that that term is customarily used.

A few final words are in order concerning the scope of the project. First,
because of OEG?’s historically prominent role in military operations
research, the book necessarily represents more than a look at just one
organization. A history of OEG is, by its very nature, also a history of a
rather major cross-section of naval analysis in general.

Second, the book attempts to trace the scientific as well as the organi-
zational history of OEG. Since the science was the means by which the
oroup could fulfill its charter of helping to improve the effectiveness of
naval forces, it merited careful coverage. Analyses that are representative ot
the operational problems faced by the fleets and that reveal something
sbout how solutions were arrived at are discussed. I tried to keep the
narrative as jargon-free as possible, yet substantive enough to interest the
professional. This meant “talking around” information that was expressed
mathematically in the original analyses—which would have been beyond the
scope of this book, anyway—while endeavoring to retain the quantitative
flavor of the work. No familiarity with the tools of operations research is
required, therefore, to read those portions of the book.

[t became apparent from the beginning that an account ot OEG’s history

would have to be related to the many world events—the Battle of the
Atlantic, the Korean War, the Soviets’ first thermonuclear device, the

Cuban missile crisis, the Vietnam War, for example—that had a bearing on
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the group’s operations. In this historical context, it becomes easier to
understand changes in the direction of OEG’s analysis and in its organiza-
tional structure.

One final note is necessary to explain a major administrative change that
occurred while this book was in production. In May 1983, the navy
notified the University of Rochester that it had elected not to renew
Rochester’s contract for the management of CNA. Instead, the navy wished
to open the contract to competition. Universities (including Rochester) and
nonprofit organizations were therefore invited to submit bids. On 4 August,
the Department of the Navy announced that the Hudson Institute, a
nonprotit research organization founded in 1961, had been awarded the
contract tor management of CNA, effective 1 October 1983.

I am greatly indebted to many people whose support proved indispens-
able over the course of writing this book. Foremost is Dr. DePoy, who gave
me the opportunity, in the first place, to write the book. Dr. DePoy, along
with Dr. Jamil Nakhleh, OEG’s deputy director, provided me with the
needed encouragement and made it possible to set aside my normal duties
so that I could devote myself fully to the history. I would also like to
extend a collective thanks to those who took time out of their busy
schedules to share their reminiscences with me or to search out material
they felt might add an important dimension to the history. Though too
numerous to cite by name in their entirety, they include the former
directors of OEG: Professor Philip M. Morse (the founder and director of
OEG’s World War II progenitor, the Antisubmarine Warfare Operations
Research Group), Dr. Jacinto Steinhardt, Dr. J oseph H. Engel, Dr. James
K. Tyson, Mr. Ervin Kapos, and Dr. Daniel B. Rathbun. (The one name
missing from this list is Dr. Erwin Baumgarten, who died in 1972.)

I also wish to acknowledge the assistance provided by Ms. Cynthia Barry,
who edited the manuscript; Ms. Durinda Suttle, who did the typesetting ;
Mrs. Andree Lanser, who drew the illustrations: and Mrs. Delia Hoover,
who typed the draft manuscript. A final thanks goes to Mrs, Linda Dennis,
who came into OEG in order to perform my regular duties while I was
working on the book.
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Introduction

Science 18 contributing so liberally to every department of knowl-
edge ... that 1t seems only natural and reasonable that we should call
science to our aid to lead us to a clearer comprehension of naval

wartare .
Rear Admiral Stephen B. Luce

In February 1942, four U.S. destroyers—Edison, Nicholson, Lea, and
Bernadeau—were instructed to rendezvous with convoy ON-67, just south
of Iceland, and escort it westward toward Halifax. What ensued, however,
underscored many of the shortfalls bedeviling American antisubmarine
operations at that early stage of the war.

Although all four destroyers were outfitted with radar, only the
Nicholson’s was working. It was this one escort that finally located the
thirty-five-ship convoy, but only after some difficulty and a full day later
than planned. Shortly thereafter, in the early evening of 21 February, the
rescue ship Toward—not one of the destroyers—monitored the high-
trequency signal of a U-boat prowling nearby. The commander of the
escort group, Commander A. C. Murdaugh, ordered the Leaz to run down
the bearing. The Lea complied for about an hour, whereupon, in
accordance with the antisubmarine doctrine of the time, she broke off the
search even though she had failed to make contact with the enemy. Ten
hours after the Lea had rejoined the other escorts, the U-boat’s presence
was confirmed. Two ships of convoy ON-67 were torpedoed and sunk.

Yet another search for the trailing submarine produced nothing, despite
the prevailing feeling that the convoy was still being shadowed. Then,
during the night of 23 February, four more merchant ships were sunk.
Later the next day, the high-frequency direction finder on the rescue ship
lfoward intercepted more signals, prompting Commander Murdaugh to
order the Lea and Nicholson to search the area. Two U-boats were sub-
sequently spotted idling on the surface, about fifteen miles ahead of the
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convoy. Standing instructions, however, prevented the destroyers from
going after the U-boats, because of the range.

To make matters worse, Commander Murdaugh was required to get
permission from Washington before he could alter the disposition ot his
forces or the direction of the convoy. On 24 February, for example,
Murdaugh had to wait seven hours to receive approval from the Chief of
Naval Operations on a 68-degree change of course he had requested because
of the enemy’s relentless pursuit. Even after the radical course change, the
U-boats clung to the convoy. In fact, two U-boats were sighted by the
Edison—one of which was only a couple of hundred yards away—but they
were not harmed by the depth-charge attack mounted against them.

ON-67 finally reached Halifax without further losses. Still, it was evident
that too much had gone wrong with the entire operation. Only one of four
radars worked, and even that failed to make contact with the surfaced
U-boats, probably because of inadequate operator training. The Lea’s initial
search, required by set doctrine to last no more than an hour, was far too
short. Also, the inability of the destroyers to make contact with the
U-boats once their presence had been confirmed by high-trequency inter-
cepts spotlighted the need to use sonar more etfectively.

Particularly glaring was the excessive rigidity of the instructions that
suided the prosecution of contacts, to the extent that even two sighted
U-boats escaped being pursued. The failed depth-charge attack by the Lea
demonstrated the need for improved attack procedures. Finally, reliance on
direction from Washington stifled any hope of ingenuity or quick reaction
by the escort commander. A much more aggressive yet flexible anti-
submarine doctrine was called for if the U-boat menace was to be beaten
back. Furthermore, new equipment was being developed and put in the
field all the time, emphasizing the need for new tactics to ensure its most
effective use.

Just a month after the harrowing episode involving convoy ON-67, a
eroup of civilian scientists was assembled to help the U.S. Navy deal with
the kind of operational problems experienced by Commander Murdaugh'’s
force. The embryonic group flourished during the war and in the years
following, to become today’s Operations Evaluation Group (OEG). Now an
integral part of the Center for Naval Analyses, OEG is the oldest military
operations research organization in the United States, and one of the oldest
in the world.’

Since its inception in April 1942, OEG has been doing analytical studies
of naval operations.? The key to understanding the role of OEG is to
distinguish between the research and development of new military systems
and the evaluation of the operational employment of existing systems.
OEG is involved in the latter, that is, in helping the navy derive the most
effective and efficient use of the forces at hand and on which navy policy
makers will have to rely for the next several years.
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In short, OEG is engaged in operations research. Specifically, it helps
design and analyze fleet exercises on the basis of carefully developed
objectives and measures of effectiveness; assesses the capabilities of new
equipment in a rigorous operational environment; evaluates actual opera-
tions; helps develop and evaluate tactics to improve the operational effec-
tiveness of available systems; and determines force requirements for the
near future. In performing these activities, OEG’s province spans the
spectrum of naval warfare—in the air, on the ocean surface, or under water.

Although OEG’s scientists are civilians, they work closely with the
operational commands of the U.S. Navy. Indeed, over half of OEG’s
professional staff is assigned to naval commands throughout the United
States and abroad. This close relationship with the people conducting the
operations has been essential to the group’s effectiveness. First, it means
that much of the analysis can be done right where it is most needed and
can do the most good—not in some ivory-tower setting. Furthermore, it
means that essential information—no matter how sensitive—has generally
been accessible as needed. Third, proposed solutions to operational prob-
lems have more readily been communicated to and implemented by those
in command. Finally, the impact of change wrought by OEG’s efforts can
be evaluated in an operational environment, ensuring greater realism.

Betore going on, however, let’s turn our attention to events that
antedate OEG and, for that matter, the science of operations research in
general.

Science in War

History attests to the fact that scientists were cultivated by military and
political leaders long before OEG—or any other formal defense research
organization—came into being:

Science and warfare have always been most closely linked; in fact,
except for a certain portion of the nineteenth century, it may fairly
be claimed that the majority of significant technical and scientific
advances owe their origin directly to military or naval requirements.>

In large measure, the application of science to the conduct of war before
the twentieth century involved developing new devices or upgrading old
ones (“‘gadgeteering’’). Nonetheless, some scientists did touch on what
today would be called operations research. A few may even be credited
with setting the stage for the kind of operations analyses now taken for

granted by governments and defense officials throughout the developed
world.

One of the earliest scientists to concern himself with military affairs was
the Greek mathematician Archimedes. Although he held his numerous
mechanical contrivances in low esteem—refusing, even, to document them—
he captured the world’s imagination by their ingenious design. His involve-
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ment in defense issues centered around a series of devices he designed for
Hieron II, king of Syracuse, in the third century B.C. Hieron made use ot
these devices to help hold the Romans at bay during their three-year siege
of Syracuse. The most talked-about device consisted of convex glass mirrors
designed to reflect sunlight at the Roman ships, setting them on fire. The
effectiveness of the contraption has surely been greatly exaggerated by the
more romantic historians. Despite Archimedes’ efforts, Syracuse fell to the
Roman general Marcellus in 212 B.C. A fate rare to today’s defense
analysts, Archimedes was stabbed to death during the ensuing rampage,
contrary to orders by Marcellus. (The death of Archimedes evoked perhaps
the first recorded expression of appreciation from a military man to a
scientist, for Marcellus is said to have mourned the loss of Archimedes and
paid lavish tribute to him, even though they had opposed one another.)

In the late fifteenth and early sixteenth centuries, Leonardo da Vinci
distinguished himself not just by his remarkable artistic skills but also by
his science. In a letter to Lodovico Sforza, the ruler of the principality of
Milan, he expressed his willingness to satisfy whatever needs Storza might
have for devices of war: mortars, mines, catapults, and “other machines ot
marvelous efficacy not in common use.”* Some of the ‘“‘other machines”
for which he is noted include tanks, submarines, and multibarreled guns. At
about the same time (in 1529), Michelangelo, renowned today for the
considerably more tranquil pursuits of sculpting and painting, was placed in
charge of the fortifications of the Florentine Republic, to help detend the
city against an attack by the combined forces of the pope and the emperor
of Spain.

Many scholars of the Renaissance likewise furthered the cause of science
in military affairs. One of these, Sébastien Le Prestre de Vauban, marshal
of France, served as a highly influential military engineer during Louis
XIV’s reign. His contributions were not restricted, however, to new forms
of weapons technology; rather (and more important to our purposes), they
also profoundly altered tactical doctrine.

France was fighting to strengthen the borders of the territory claimed by
the king. Hence, enemy fortresses first had to be taken, and then bolstered
(reequipped and redesigned) to deter their being taken back by the enemy.
Vauban’s talent lay in his ability to devise ways to achieve these two goals.
One of his better-known tactics was successfully applied at the siege of
Maastricht in 1673. There, he designed trenches that ran parallel to the
perimeter of the fortresses and that were linked by other trenches laid out
in a zigzag formation. This innovative disposition of attacking forces
offered improved protection against the defenders’ artillery fire.

Two other ways in which Vauban influenced doctrine are worth noting.
First, during attempts by French troops to take Valenciennes in 1677, he

persuaded Louis XIV—despite contrary advice from most other royal
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advisors—to try an assault by day. The suggestion was considered radical at
the time because assaults had nearly always been conducted at night.
Nighttime operations, however, had often resulted in attacks on their own
forces. The advice bore fruit: Valenciennes collapsed and Vauban received
another grant. Finally, in 1688, during the war of the Grand Alliance,
Vauban proposed a way to make cannonfire more effective. A cannonball
was to be fired such that it would richochet forward, hitting several targets
betore coming to rest—a seventeenth-century version of getting the most
out of the forces at hand. Vauban’s indefatigable efforts, documented in a
series of technical treatises, stand as an early example of what today has
become the commonplace role of the scientist at the operational level.

Little more than two centuries later, World War I, largely because of
dramatic changes in weaponry, was pivotal in rallying scientists around the
military. The value of aircraft, for example, quickly became apparent,
despite an insistence by many authorities—among them, the French military
leader Marshal Ferdinand Foch—that it was little more than a frivolous
machine. Although planes did not attain the importance they were to gain
in World War II, they did support army and naval operations by attacking
supply lines and reconnoitering. Also, the tank, first seen on the battlefield
in the Somme area in September 1916, was soon recognized as at least a
partial solution to the barbed wire, gun nests, and trenches that charac-
terized World War I. Then, of course, there was the submarine, skillfully
employed by Germany to apply a stranglehold on Britain’s overseas
supplies through a campaign of unrestricted warfare. Although Britain, at
the start of the war, actually owned more submarines than Germany
(thirty-six versus twenty-eight), it was Germany that opted to accelerate
production of the submarine and to enhance its capabilities.

Also in World War I, true military operations research emerged. At first
pursued informally—and with little influence on real operations—operations
research began to stir interest in scientific circles on both sides of the
Atlantic. In England, Frederick W. Lanchester was exploring ways to
express military operations by mathematical means. The kind of resistence
he ran into, however, is illustrated in the following lament:

There are many who will be inclined to cavil at any mathematical or
semi-mathematical treatment of the present subject [the practice ot
warfare|, on the ground that with so many unknown factors, such as
the morale or leadership of the men, the unaccounted merits or
demerits of the weapons, and the still more unknown “chances of
war,” 1t is ridiculous to pretend to calculate anything. The answer to
this is simple: the direct numerical comparison of the forces engaging
in contlict or available in the event of war is almost universal It is a
factor always carefully reckoned with by the various military
authorities . . .. Yet such direct counting of forces is in itself a tacit
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acceptance of the applicability of mathematical principles, but con-
fined to a special case. To accept without reserve the mere “counting
of the pieces” as of value, and to deny the more extended applica-
tion of mathematical theory, is as illogical and unintelligent as to
accept broadly and indiscriminately the balance and the weighing-
machine as instruments of precision, but to decline to permit in the
latter case any allowance for the known inequality of leverage.’

Undaunted, Lanchester developed interesting quantitative analyses, relating
victory to the superiority of numbers and firepower and to the concentra-
tion of forces. He is perhaps best remembered for his “square law,” from
which it can be deduced that a tactical or strategic use of concentration (of

forces) may outweigh any advantages acquired from modest improvements
“in weapons efficiency. As a mark of the times, his efforts had no bearing
on the actual conduct of the war then engulfing Europe.

In America, Thomas A. Edison was likewise pioneering military opera-
tions research, as chairman of the newly formed Naval Consulting Board.
By the time the board was created in July 1915, the United States had
already suffered a serious erosion of its sense of security. The situation had
worsened on 4 February 1915, when Germany declared that “every enemy
merchant ship found in [the waters around Great Britain and Ireland] will
be destroyed without its always being possible to warn the crews or
passengers of the dangers threatening.... Neutral ships will also incur
danger in the war region, where, in view of the misuse of neutral tlags
ordered by the British Government, and incidents unavoidable in sea
warfare, attacks intended for hostile ships may affect neutral ships also.” A
month later, German submarines summarily sank three merchant ships.
Then, on 7 May, the Cunard passenger liner Lusitania was torpedoed. Of
the 1,198 who perished, more than 120 were Americans, enraging the
American public. Protests brought about a calling-off of the unlimited
U-boat campaign only temporarily.

[t was clear by this time, then, that the United States should improve its
defensive capabilities, particularly in light of the role of science and
invention in the war. Secretary of the Navy Josephus Daniels decided to
form an organization that would serve as a catalyst for inventive ideas on
the conduct of the war. The organization was to consist of civilian
scientists whose sole responsibility (all previous duties were suspended)
would be to conjure up inventive ideas of their own or to assess the
practicality of ideas submitted by the general public.

At its organization meeting on 7 October 1915, at the Navy Department,
the group became officially known as the Naval Consulting Board of the

United States. Secretary Daniels persuaded Thomas Edison to be its head.
He emphasized, however, that it was Edison’s genius he wished to tap, not
his abilities to administer or preside. In addition, he asked the presidents of
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each of the seven largest engineering societies in the United States to
choose two members to join the board, ensuring nonpartisanship and an
interdisciplinary flavor. At a meeting on 4 November at India House, New
York, the board was divided into several committees: Chemistry and
Physics, Aeronautics, Mine and Torpedoes, Submarines, Ordnance and
Explosives, Wireless and Communications, and others. This arrangement
enabled the scientists to gravitate to their areas of strength and interest and
to better organize their efforts.

An Act of Congress on 29 August 1916 (seven months before the United
States entered the war) made the board official, granting it $25,000 to run
its operations for the fiscal year ending 30 June 1917.

Numerous technical problems were tackled that proved the board’s
worth. Examples of areas addressed by the board include the navy’s switch
trom coal-fired to oil-fired ships, the need for an improved underwater
listening device for use by merchant ships in locating enemy submarines,
and improved optics for range finders. Edison’s attention, however, soon
turned to issues of a clearly operational nature. Specifically, he decided
that killing submarines was only one way to help protect merchant ship-
ping and that he would try to suggest safer ways for merchant ships to go
about their business.

Edison thought he should begin by analyzing the successes scored by
German submarines. He was disappointed to find, however, that the govern-
ment’s data were incomplete; among other shortcomings, the records lacked
charts of the sinkings. Undeterred, Edison and three assistants labored
around-the-clock in the summer of 1917, to research the information they
would need for their studies.

Edison’s review of the newly organized data and the accompanying
charts revealed several pertinent points. First, merchant ships were using
the same routes during the war as they had before the war, even though
losses were high.® Just as important, at least 94 percent of the losses
occurred during the day. This fact was made even more significant by the
observation that no ships had been sunk during nighttime transfers of
troops between England and France. Finally, Lloyd’s Register showed that
only a few (4 percent) of Britain’s merchant verssels carried up-to-date
listening devices to detect U-boats and even fewer carried radios.

Edison concluded that merchant ships would be safer if they made just
three changes in their pattern of operations: venture into high-risk regions
only under cover of night; use new routes: and take refuge during daylight

hours in shallow waters (such as ports) that would prevent the approach of
submerged enemy submarines.

To better understand the threat posed by submarines to merchant
shipping in waters around Britain, Edison developed a simulation technique.
He began by preparing a chart of those waters, which he segmented into
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forty-mile squares. The size of the squares was dictated by the distance at
which a submarine located at the center could see smoke coming from the
funnel of a merchant vessel. At the center of each square was a hole in
which a peg (representing a ship or a submarine) was placed. One player
would use his pegged board to maneuver a given number of vessels into
various ports without being detected. An opposing player would use a
separate pegged board to position a given number of submarines, with the
purpose of thwarting the vessels heading for port. If a vessel entered a
square in which a submarine was stationed, it was considered sunk. Use of
these boards showed that by far most of the ships could sately reach port.
Closely associated work by Edison dealt with assessing the value of zigzag
maneuvers by merchant ships in high-risk parts of the ocean. He concluded
that such maneuvers were unproductive for ships traveling at less than 10
knots, because they extended the time required to deliver the cargo.

Beyond the actual results of these efforts lies the noteworthy fact that
the work may justly be characterized as operations research. It was, after
all, analysis conducted on the basis of operational data. Yet, despite the
importance of Edison’s work to the evolution of operations research, his
findings had little influence on naval operations at the time. The foremost
reason has to be that Edison, as with all the members of the Naval
Consulting Board, had virtually no access to operational personnel, through
whom recommendations could have been channeled. This sharply contrasts
with the experience of military analysts since World War II (especially
those of OEG), who have nurtured close ties with the operational com-
mands. Also, of course, operations research was a little-known and poorly
understood science that still lacked credentials.

In spite of what appeared to be a fairly good start to operations research
in World War 1, little was ventured after the war until Europe again found
itself embroiled in conflict. In the interim, the only scientific analysis
conducted for the U.S. Navy consisted of whatever scientifically trained
officers found time to perform. These officers—notably Admirals Lee,
Parsons, and Blandy—contributed in a major way to the navy’s prepared-
ness. Yet two circumstances hampered their efforts. First, these ofticer-
scientists were aided by only a handful of volunteers, many of whom were
inadequately trained. Second, their other responsibilities as naval officers
took priority over analysis.

By the start of the second world war in 1939, the scientific method had
attained full acceptance as a military tool, particularly in England. Albert
P. Rowe, superintendent of the Bawdsey Research Station, had already

demonstrated an interest in the use of civilian scientists to help fill the
needs of the military in, for example, radiolocation. To this end, Rowe
joined forces with Wing Commander R. G. Hart to form a research group at
headquarters of the Fighter Command, RAF, at Stanmore. As it turned
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out, Bawdsey became the center of radar development and the seminal
torce behind modern operations research.

The overriding goal at Bawdsey was to find a way to detect enemy air
torces earlier and, even more important, to shorten the time between early
warning of an enemy raid and the placement of defenses. The network of
radar stations being set up to provide early warning of air attacks was to be
Integrated into the existing Observer Corps that had been responsible for
sighting, identifying, and reporting enemy aircraft. Rowe chose G. A
Roberts to study the system. By paying special attention to the efficiency
of the communications system that linked the entire network, Roberts
assumed the vantage point of someone (such as an executive officer)
responsible for the entire network. In typical operations research fashion,
he took into account the Interrelationship of components rather than focus
on individual pieces of hardware. At the same time, another scientist, E. C.
Williams, analyzed why some of the radar stations pertormed better than
others, even when tested by identical operations. He subsequently un-
covered defects in the network and, as an extra measure, proposed
improved operator techniques that would provide greater uniformity of
etficiency among the ever-increasing number of operators.

Because of the value of Williams and Roberts’s work to military opera-
tions, Rowe—whose Bawdsey organization had been renamed the Tele-
communications Research Establishment—decided to pool the talents of
these two scientists, under the direction of H. Larnder. The group
immediately broadened the range of problems it was willing to investigate,
studying, for example, the effectiveness of tighter aircraft engaging German
planes at night. The ground control interception (GCI) system they
suggested proved invaluable, making it possible to plot almost instanta-
neously the positions of a large number of enemy planes and to display the
information on a scope. This small group set the tone for analyses by other
scientists and prompted the Air Ministry to form many other such groups.

Operations research soon caught on in the British army. Antiaircraft guns
at the time were equipped with radar that provided the bearing and slant
range of enemy bombers and with sound-locating equipment that provided
the altitude. This mix of paraphernalia, however, proved both awkward and
Inaccurate. Although a modified version of the GCJ system was substituted,
the accuracy of the guns remained quite poor. Adding to the confusion,
the equipment would sometimes Opérate up to par while being tested, but
function disappointingly in the field.

General Sir Frederick Pile, Commander in Chief of the Antiaircraft
Command, decided to seek outside scientific help to solve the problem.

Several civilian scientists were assembled in September 1940, under the
direction of Professor P. M. S. Blackett of the University of Manchester, a

Fellow of the Royal Society and former naval officer. To encourage a more
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rounded assessment of the problem, Blackett selected people of diverse
scientific backgrounds—physicists, mathematicians, astrophysicists,
physiologists, and so forth—but none of them was a radio specialist. The
group, dubbed “Blackett’s Circus,” demonstrated the wisdom of such a
mixed team for handling operational problems.

In March 1941, Blackett switched to the Coastal Command, where he
worked in close contact with the Admiralty. With some other members of
the Circus, he examined problems connected with the use ot airborne
radars to detect ships and surfaced submarines. In December, Blackett
switched again, this time because of his appointment as director of Naval
Operational Research at the Admiralty. In the meantime, other members of
the Circus, plus some newly trained people, formed the Operational Re-
search Group of the Air Defense Research and Development Establishment
(later called the Army Operational Research Group). This meant that the
operations research needs of all three of Britain's services were now being
met to one degree or another.

In view of Blackett’s enormous contribution to operations research, it is
worth noting his paper, “Scientists at the Operational Level,” written In
1941. Regarded as the cornerstone of modern operations research, the
paper lays out reasons for assigning scientists to operational problems,
underscores the value of the scientific method to the study of operations,
and discusses the organization of operations research groups.

The civilian defense concerns of the Ministry of Home Security also
became the object of operations analysis. Within the ministry was estab-
lished the Civil Defense Research Committee, consisting of such distin-
guished scientists as Professor John D. Bernal. Bernal initiated a program to
collect and study data on the effects of the heavy bombing being inflicted
on Britain. Foreshadowing the way such efforts would be tackled in the
future, the people assigned to the project were split between the field and
a2 central office: 120 observers went out to collect the data, while 40
analysts remained at headquarters. _

A major study at the time corrected erroneous estimates of the lethality
of bomb explosions to human beings. The anatomist Professor Solly
7uckerman used the observed effects of explosions on animals (in experi-
ments) and on people (in actual air raids) to increase fivefold previously
accepted figures on the strength of blast a person could survive. He was
also able to predict casualty and damage rates, given a particular number ot
bombs dropped in a specified area. Zuckerman’s work was verified by
Bernal and Dr. F. Garwood, who forecast the results of a raid by five
hundred enemy bombers on a typical English town. Some time afterwards,
Coventry was attacked by about five hundred bombers.’ A survey of the
city showed that Bernal and Garwood’s estimates were quite accurate.

These same predictive techniques were later used to analyze offensive
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operations, that is, the same kinds of estimates were made about the
effects of bombing German sites.

Iwo other examples of Britain’s successful wartime use of operations
research should be mentioned. The first concerns the unsatistactory per-
formance of aircraft in attacks against U-boats. E. J. Williams, who had
replaced Blackett at Coastal Command, found that although a submarine
was attacked the moment it was spotted—which meant that it was still at
or close to the surface—the depth charges being dropped were set to
explode at one hundred feet. The submarine was therefore well out of the
charge’s lethal range. Coastal Command’s rationale for the depth setting
was that the submarine, upon sighting the plane, would have time to get
deep—which, in fact, it did not. Analysis showed that in over half the
attacks, the U-boat either was still visible at the time of the depth charge’s
release or had been submerged for just a few seconds. Given these findings,
Williams determined that for maximum effect the depth charge should be
set for twenty feet. Even though the charges at the time could be set for
no less than thirty-five feet, the new setting at least quadrupled their
destructive capability.

The last example deals with the loss of merchant ships, a concern of
Thomas Edison twenty-seven years earlier. In 1942, convoys typically were
composed of about forty ships, shielded by six escorts. Although losses
were heavy, no additional escorts were available to help make screens
around the convoys more impregnable. Hence, it was thought that the size
of the convoy itself might have a bearing on its vulnerability. Indeed,
records showed that between January 1941 and April 1943, convoys of
fewer than forty-five ships averaged a 2.6 percent loss rate, whereas those
of more than forty-five ships averaged a 1.7 percent rate. Since only the
same number of U-boats—usually about ten—could be amassed to conduct a
particular attack, no more damage could be inflicted on a big convoy than
on a small one. The loss rate, meanwhile, could be reduced.

Britain’s experience with operations research just betore and early in the
war encouraged the organizing of similar groups elsewhere, particularly in
the United States. In fact, many of the scientific methods and the organiza-
tional philosophy employed by the British were to serve operations analysts
for some time to come. Britain’s experience demonstrated the superb
etfectiveness of employing civilian scientists—untrammeled by rank and
statf obligations—to solve military problems. Also, the Interdisciplinary
approach enabled groups to assess problems from various angles. The

establishment of field posts for contact with the real world and of a central
office for theoretical analyses, consolidation of work done in the field, and

administrative purposes seemed to work well. Of considerable significance,
too, was that problems were studied not in isolation but in the context of
other factors that impinged on the issue. This aspect of the new science of
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operations research was quite different from the methods that had been the
staple of scientific researchers up to that period, as we shall see next.

Operations Research: The Discipline

Operations research has perhaps best been described as a “scientific method
of providing executive departments [in OEG’s case, decision makers in the
navy] with a quantitative basis for decisions regarding the operations under
their control.”® Two parts of this definition warrant further discussion.
One is the phrase “scientific method,” implying that operations research
involves methodologies that scientists use to make sense of information
that they or others have gathered regarding the systems and events of their
interest. The raw ingredients are normally the observations of operations,
recorded as unbiasedly and as quantitatively as possible. Once the data have
been assembled in some scientifically palatable form, the analytical phase
can begin. The process has been summarized as follows:

The operational research worker must use both ingenuity and dis-
crimination in seeking out his information and he must find some
means of assessing the degree of certainty or the significance of every
piece of information. He then submits this information to an
exhaustive series of analyses to determine whether any patterns can
be identified, or whether there is any interdependence or relationship
between various quantities; here the mathematical methods of
statistical analysis are frequently used.’

Part of this process involves modeling, by which the analyst constructs a
mathematical representation of some operation. The aim 1s to model the
way things work in the real world. The model is constructed to enable the
analyst to substitute values for the ditferent parameters, representing alter-
native conditions within the operation being studied. The analyst thus gains
insight into how and why events occur as they do, and how changes might
improve the conduct of a particular operation. Once this step has been
achieved, it is then desirable to validate the conclusions by means of
controlled tests that permit the analyst to check whether proposed
improvements do indeed work in the real world.

This brings us to the second important component of our definition ot
operations research, namely, the decision makers. They are the critical link
between the analyst’s proposals and their implementation. In effect, they
have the prerogative either to give life to the analyst’s work or, alter-
natively, to consign the work to the files where it may never again see the
light of day. Because the purpose of the effort is, of course, to 1mprove
(some say to “optimize”'?) how things are done, it must inspire action.
But this can be achieved only if scientists convey their analyses coherently
and intelligibly and at a technical level appropriate to the ultimate users of
the work. That is, scientists must communicate in such a way that decision
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makers (often nonscientists) are able to grasp immediately what needs to
be done—and why—to make future operations more efficient. An opera-
tions research scientist, ‘“‘unlike the fundamental researcher, cannot wait for
posterity to prove him right. He cannot . . . spell out his ideas, as it were,
over the heads of his contemporaries, hoping that they would be
hailed . . . later.”!?

- One other point fundamental to an understanding of operations research
Is that the operations analyst is concerned with the overall system, or at
least with the interactive features of the system even if not every feature is
explicitly examined. (Here, system means any mix of people, machines, and
methods of operation whether in industry, business, government, or the
military.) Predecessor sciences seldom adopted this tack to problem solving,
preferring instead to isolate and focus on individual components of the
system. Although the whole-system approach is the ideal of analysts, it is
not always practical, especially when the system 1n its entirety is just too
large or the problem too far reaching.

The generally broader perspective, however, means that much may be at
stake when operations researchers make recommendations. T'ypically, they
might propose that decision makers commit themselves to fundamentally
different ways of running their operations for a long time to come: at
times, they might suggest that expensive equipment be brought on-line or
old equipment modified. A serious error could jeopardize, for instance, the
ability of our armed forces to fulfill some critical aspect of national
detense. Of course, analysts cannot remove all uncertainty from their
proposals, because even the best assumptions may prove somewhat
deficient in light of future developments. Nonetheless, the methodical use
of operations research tools!2? offers planners much greater reassurance
than could the trial-and-error approach of the past.

Several considerations must be taken into account by analysts faced with
an operational problem. First is the objective that some decision maker—
say, a commanding officer—wishes to achieve. That objective must be clear
before much else can be done: after all, only by chance would a desired
solution spring from the “wrong” problem. One example of an uncertain
objective involves a response to the loss of British merchant ships in the
Mediterranean Sea during World War II Enemy aircraft were sinking or
damaging such large numbers of ships that it was decided to arm some of
the ships with antiaircraft guns and crews. Although this entailed consider-
able expense, few aircraft (about 4 percent) were shot down. The guns

and crews, it seemed, were not paying off, which aroused considerable
consternation because of the scarcity of resources and their need elsewhere

In the war effort. Later, however, a study of operational data showed that
despite few kills, the guns were indeed effective in protecting the CONvoys.
Only 10 percent of the protected ships were lost to attacks (because the
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suns decreased the accuracy of the enemy planes) versus 25 percent of the
unprotected ships for the same period. Determination of the success or
failure of the effort therefore depended on clearly defining the proper
objective. Was the goal to shoot down large numbers of enemy planes or to
minimize ship sinkings”

The second consideration is the identification of alternative courses of
action available to accomplish the objective. All sorts of tactors may
fluence the number of courses of action that deserve the analyst’s closer
attention, once all conceivable options have been spelled out. For example,
if a problem must be solved immediately, as in wartime, only a stopgap
measure—rather than the best of all possible solutions—might be feasible.
Other factors to be weighed include the availability of equipment and
personnel, constraints on tactics imposed by the resources at hand, and
political and economic ramifications. Beyond that, the analyst’s own
ingenuity and experience become factors.

Vet another consideration is the variables that will play upon the
alternative courses of action. Some of the variables may be quantifiable,
such as the availability of a particular type of asset (for example, the
number of destroyers available to screen a convoy of merchant vessels).
Others may be less tangible, such as the benetits of a particular training
program. Also, some variables have known values, whereas others (such as
the enemy’s tactics or intentions) have to be estimated, perhaps from
intelligence reports. The degree to which these variables contribute to the
success or failure of a course of action in attempts to achieve the objective
depends on the sensitivity of that course of action to the variables. A
sensitivity analysis can be done to determine this. Listing the variables
helps the analyst to understand the data that are required, the difficulty of
the task, the analytical methods to be employed, the range of factors to be
considered, and the quantities essential to computing the measure of
effectiveness.

The measure of effectiveness (MOE), the last of our considerations, 1s a
quantitative way of assessing results. The MOE is measured for each
Jlternative course of action so that a decision can be made concerning
which course of action best meets the planner’s expectations. [f the
objective were to detect a target, the MOE might be the “probability of
detection” or “time to detection.” An MOE used to evaluate the per-
formance of a plane patrolling a confined region, such as a strait, to oppose
enemy submarines might be the probability that an enemy submarine
passing through the strait is sunk. The MOE, then, is closely tied to the
objective. As seen in the example of Britain’s decision to arm merchant
ships in the Mediterranean, the wrong MOE can sometimes be emphasized.
In that instance, the MOE was initially thought to be the number of
attacking aircraft shot down by those ships armed with antiaircraft guns
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Later, the more appropriate MOE was shown to be the reduced number of
armed ships sunk.

The solution to an analyst’s operational problem may be derived from
weighing the values determined for the MOE for all alternative courses of
action that warrant attention. Let’s say that we are considering four plans
that allow for searching of enemy submarines by patrol aircraft and that
the MOE is the probability of detection. The solution to the problem,
then, would call for calculating the probability of detection for each plan
and seeing which is best. Not all quantitative comparisons of courses of
action, however, lend themselves to complete accuracy, largely because
nonquantitative factors cannot be easily accounted for. A certain threshold
1s therefore necessary; that is, the results should show that alternative
tactics differ by at least a factor of two or three, or else the alternatives
should be regarded as effectively the same. Furthermore, conditions in the
real world are always changing. Hence, solutions that attempt to predict
the outcome of future operations, on the basis of knowledge about past
operations, may be invalidated by the state of flux to which the real world
1s subjected.

Whether the problem and proposed solution be simple or complex, the
decision maker’s (commander’s) burden of responsibility is only lightened,
not removed, by operations analysis. The onus of a miscalculation—as with
the kudos derived from success—remains mostly with the decision maker
and only secondarily with the supporting analyst. Operations analysts
cannot replace executives, for their aim is to provide understanding rather
than decisions. It is the role of the decision maker to consider the results
of analysis in light of his or her own judgment, based on his experience,
knowledge, and intuition. The roles of the analyst and decision maker are
by nature functionally separate, even though they are complementary:

If ever there was a world in which situations do not repeat them-
selves like some mass-production model, it is the military world. If
we are to avoid the imposition or arbitrary limits to the exercise of
judgment and control, we must be careful not to create in a mathe-
matical vacuum situations which are based neither on past experience
of affairs, nor on any conception of the innumerable variables and
factors that determine social decision either today or tomorrow . . . .
Irue scientific method should be used as an aid to human
Jjudgment—and not as a hindrance. Science is human experience; it is
not an alternative to judgment, and it is certainly not something that
can operate outside human experience.!?

T'he commander’s decision to conduct an operation one way rather than
another can thus be made with a fuller awareness of realistic options and
their consequences.
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The preceding discussion touches on some of the major elements of
operations research, which should suffice for the purposes of this book.
Other elements that have a particularly direct bearing on OEG’s cir-

cumstances, especially as they relate to the group’s pioneering etforts
during World War II and in the years after the war, will be taken up In

later chapters.
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T'he Group’s Formative
Years during World War 11

The U-boat Menace

We have already seen that a major concern of Britain’s operations research
scientists during World War II was the German U-boat and its successes
against merchant shipping. It was clear from the outset that Germany
placed great stock in the submarine, as it immediately implemented a
campaign of unrestricted U-boat warfare. By the end of 1940, the etficacy
of the campaign was evident. During some months, U-boats were sinking
about two and a half times the amount of shipping the Allies were able to
build.

The successes scored by the U-boats against combatants and merchant
ships resulted from a considerable expenditure of resources to increase the
size of the force and to perfect equipment and tactics. In September 1939,
the German order of battle included a modest sixty-submarine fleet; by
early 1941, however, as many as twenty U-boats a month were being
commissioned. By the time the United States entered the war, about two
hundred were already prowling the oceans. These submarines were made
strong enough to resist much more powerful detonations than ever betore,
quiet enough to test the limits of new listening devices, tight enough to
reach depths that made it difficult for searchers to detect them, and fast
enough on the surface to outmaneuver a great many merchant ships on
which they preyed. They were armed with the newly developed electric
torpedo that left no visible wake, making it harder for the target ship to
observe the torpedo’s approach and turn to avoid it.

Additionally, U-boat Command developed an extensive body of bold
tactical doctrine. One tactic, designed to reduce the effectiveness of day-
time counterattacks on submerged submarines, involved a change to night
attacks conducted on the surface. The U-boat was to trail the convoy until
nightfall, close its target for a surface attack, then leave the area at high
speed while still on the surface. This procedure, enabling individual U-boats
to exploit weaknesses in Britain’s merchant shipping system, remained a
favorite of the Germans for much of the war.
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Another tactic, adopted in the spring of 1941, called for U-boats to
gather in packs (“wolf packs,” as they became known) before attacking a
convoy. The chief aim was to overwhelm the escorts and to sink as many
of the ships in the convoy as possible. Central to this scheme was a
communications system linking all the U-boats with base control. The
procedure was for the U-boat that first sighted a convoy to shadow rather
than attack the vessels, then provide up-to-date information on the con-
voy’s position to permit other U-boats to assemble and coordinate their
thrust. Because U-boats were fairly slow, and thus inefficient, searchers,

hey benefited considerably by sharing each other’s contacts. Also, the
ouping of submarines enabled many captains and crews, who had been

sent to sea with minimal training, because of the rapid expansion of the

U-boat force, to operate in company with others of more experience.

As Germany’s armies defeated the nations of Western Europe, a great
expanse of coastline was opened up for supporting U-boat operations. The
advantages reaped from these territorial gains were enormous from the
point of view of the submarine fleet. For example, the ports around the
Bay of Biscay, acquired as a result of the June 1940 victory over France,
shortened the transit time of the U-boats and enabled them to penetrate
deeper into the Atlantic than they could before. Thus, for a period, the
U-boats were able to chalk up impressive gains' while sustaining tolerable
losses. The price to the Allies of this U-boat offensive is illustrated in
Figure 1-1, which shows shipping losses and ship construction by Allied
and neutral nations.

Owing to the urgent situation in the Atlantic, Allied efforts to counter-
act the submarine threat were intense. However, it took a while tfor
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The dense column of black smoke rolling up from this tapker sho?.@ where
a German torpedo struck almost amidship on the port side. (Official U.S.

Navy photo.)



19

THE GROUP’S FORMATIVE YEARS

1.2

Zggggggggggg////ggg
NN NN

V/ggggéggggggggg%%%%g
ANANARRRRNNAN N

Zgggggggggggggggggggg
_ NNN\N\N\N\N\N\NN\Y

A TrrrEErEsE

%

% -

O O

o0 5

= = —_€OOO

£ =  AARAARARRARRNRANANR

N -

> > &

£% S &

S22 5= OO

=5 S ET A——

5 S o

TS £ S

0 A 25

< < NN
- ANEN NN

1.0
0.4
0.2

O
-

0.8

(SUOT[[IUr) SUO0) S$SOIN

L AAAAARAARRARRAR TR AR RRRRARRR SR RNNS N\

Jun 44 —
Apr 45

Jul 43 —
May 44

Oct 42 —
Jun 43

Jan 42 —
Sep 42

Apr4l —
Dec 41

Jul 40 —

Mar 41

Sep 39 —
Jun 40

ps, mines, etc.)

“By other enem y action (aircraft, shi

and natural marine casualty.

Shipping Losses versus Ship Construction by

Average Monthly

Allied and Neutral Countries

Figure 1-1.



20 THE GROUP’S FORMATIVE YEARS

Britain—the country most immediately threatened—to overcome its early
deficit in antisubmarine preparedness. At the start of the war, it had only
220 vessels properly fitted for antisubmarine warfare: 165 destroyers, 35
patrol craft (sloops, frigates, and corvettes), and 20 trawlers. (The total
stands in sharp contrast to the 3,000 antisubmarine vessels the Allies had
on hand at the close of World War 1.) By the end of June 1940, the total
had reached 450, with most of the increase in small craft, especially
trawlers, rather than in the more important destroyers. Various anti-
submarine weapons became available for use by these ships. If a U-boat
were on the surface, the ship, of course, could simply fire guns or rockets;
if a U-boat were submerged, the ship could lay a barrage of depth charges
off the stern or throw explosives—such as the Hedgehog, Mousetrap, or
Squid—ahead of its own course.

One immediate countermeasure to U-boats was the convoy system,
introduced more than twenty years earlier in 1917. The British had learned
during World War I that convoys were highly effective in the open ocean,
where evasive maneuvers were possible. If the position of enemy sub-
marines could be reliably estimated, captains could select routes that would
likely reduce the chance of contact. Alternatively, shipping routes could
simply be widely dispersed, forcing enemy forces to thin out rather than
remain concentrated. The British also knew that the ability to detect and
track nearby U-boats was essential to the convoy system, and that adequate
protection depended on the availability of properly armed escorts.

From the very beginning of World War II the convoy system was again
put to the test, and passed. During September 1939, not a single ship was
lost among the nine hundred that transited via escorted convoys. Of the
ships that had to make their way through dangerous waters betfore the
convoy system was fully in place, thirty-nine were lost. A quarter of these
casualties resulted from gunfire by surfaced submarines rather than from
torpedoes. This convinced the British of the necessity to arm their
merchant ships so they could at least fight back, no matter how modest
the means.

Of course, as tactics and equipment changed on both sides, convoying
procedures changed, too. In November 1940, for example, when U-boats
were achieving a high percentage of hits in night attacks, Britain quickly
moved to separate convoy columns by one thousand yards instead of the
customary four hundred yards. After only a month, the spacing between
columns for daytime convoys was reduced to six hundred yards, in
response to heavy air attacks. The system had to remain elastic if it were
to bend and not break under the stresses applied to it by the enemy.

The convoy system remained an effective countermeasure throughout the
war in helping to stave off the U-boat offensive. For example, only 7 of
the 169 ships sunk by U-boats during the first six months of the war were
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A giaqt convoy moves across the Atlantic under the protective escort of a
U.S. aircraft carrier. (Official U.S. Navy photo.)

part of a convoy, despite the fact that about half of all merchant shipping
traveled in convoys during those same six months. Indeed, the early
successes of escorted convoys using evasive maneuvering were sutficiently
outstanding to force the Germans to reconsider their tactics and, beginning
in April 1941, they resorted to wolf-pack attacks. Even S0, convoyed ships
continued to enjoy a greater degree of safety than independent vessels.

Another major effort to thwart the U-boat campaign involved aircraft.
Despite some early shortcomings, planes were eventually shown to be far
more etfective in antisubmarine warfare than anticipated, both in chalking
up sinkings and in forcing U-boats away from otherwise vulnerable targets.
Obvious advantages of aircraft over surface ships were their speed,” relative
inexpense, large field of vision, and ability to appear from nowhere to
surprise a surfaced submarine. In fact, from the fall of 1942 until the end
of the war, planes often sunk more U-boats per month than did surface
ships.

This must surely have come as a surprise to Admiral Karl Doenitz, who
once commented that “‘an aircraft can no more kill a U-boat than a crow
can kill a mole.”® Doenitz’s lack of confidence in aircraft as an anti-
submarine weapon—a sentiment shared by others at the time—may partly
be explained by the little chance any antisubmarine planes had had to
prove their value. Planes had seen very little action against U-boats during
World War I, and at the beginning of World War II antisubmarine planes
carried only conventional bombs which, even if they did hit the deck of a
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submarine, seldom penetrated the hull. Consequently, in the early phase ot
the war, their ability to sink submarines—rather than just harass them—was
severely restricted. In a major way, then, the antisubmarine role of aircraft
was made possible by the development of depth charges suitable tfor
dropping from planes and the ability to detonate the charge at appropriate
depths. It was also made possible by the German tactic of operating
submarines on the surface until they were about to attack or until they
had to escape pursuit. Aircraft could therefore be used either to locate
U-boats (if destroyers were to be called to the scene) or to attack them
with their own depth charges. In short, aircraft hindered U-boat operations
by slowing down their transits, preventing refueling, breaking up wolt
packs, and making it difficult to trail convoys.

Beginning in 1941, Germany was able to mitigate the threat of anti-
submarine aircraft by operating its U-boats mostly in the mid-Atlantic,
along the northern convoy routes. By doing so, the U-boats could stay
beyond the few-hundred-mile range of the land-based planes Coastal
Command was using at the time. In the spring of 1943, this mid-Atlantic
gap in air coverage was plugged, to some extent, by a limited number of
carrier-based aircraft. The planes, however, flew mostly in offensive opera-
tions and only occasionally in escort.

Developments in equipment also profoundly influenced the anti-
submarine effort. Without doubt, the main technical advance was the
placing of radar on surface ships and aircraft, thus providing antisubmarine
forces with the opportunity to “see” targets even at night and in bad
weather. In good weather, radar bettered visual search because it offered
continuous scanning (that is, without gaps in its coverage), a considerably
oreater scan rate, and a longer range (in effect, to the horizon). Radar’s
most successful application was as an instrument of search and early
warning, although it also proved useful in fire control, navigation,
altime