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PREFACE

When Garland Publishing invited me several years ago to edit an encyclopedia of the
Scientific Revolution, | welcomed the opportunity. Here was a means of providing a
wider audience with the fruits of the most recent scholarly research on a fascinating
complex of events that helped shape the modern world. The study of the origins of
modern science in the sixteenth and seventeenth centuries has been a widely expanding
field that, in recent years, has undergone significant changes in emphasis and outlook—as
have studies in the history of science as a whole. Interest in the subject has grown
enormously since World War Il. In the mid-twentieth century, only a handful of
universities offered courses in the history of science; at the century’s end, hundreds of
universities did, and many of them offered doctoral programs in the field, There are now
dozens of journals devoted to the history of science, and thousands of books and articles
are published each year.

As the history of science has developed as an area of study, its course has exhibited
patterns similar to those seen in the natural sciences. Both have undergone processes of
fission and fusion, with research areas branching out into subfields, and two or more
uniting to create new fields of research. The history of science, initially practiced by
historians, philosophers, and retired scientists, now attracts social historians, sociologists,
anthropologists, historians of religion and of technology, and literary historians. It has
come to embrace biographies of scientists; the histories of scientific disciplines and their
branches; scientific institutions; the analysis and development of broad concepts such as
matter, motion, and life; the support of scientific activities; the philosophical foundations
and implications of science; the relation of science to fields such as medicine and
technology; and the social contexts within which scientific ideas and practices emerged.

The expertise required for the creation of an encyclopedia as complex as one on the
Scientific Revolution led to the recruitment of more than 160 contributors from fourteen
countries. The 441 articles, however, were designed to appeal to a wide readership. A
user’s guide has been provided as an aid for the reader in finding his or her way in the
subject matter of the encyclopedia as a whole, and a number of entries on various
historiographical approaches to the history of science are included.

The creation of the Encyclopedia of the Scientific Revolution has been a lengthy and
complex task. Its difficulties were eased by the suggestions and assistance, particularly in
the design of the encyclopedia, of the members of the advisory board: Ernan McMullin,
Paolo Rossi, John A.Schuster, Richard S.Westfall, and Robert S.Westman. Of particular
value was the counsel of the late “Sam” Westfall, who also wrote more words for this
volume than any other contributor. Many of his former students are also contributors, a
testimonial to his excellence as a scholar and teacher. Special thanks are due also to a
number of contributors who provided criticism, advice, and suggestions. They include
William Eamon, Robert A.Hatch, John Henry, David Kubrin, John Lankford, Margaret
Osler, and Albert Van Helden. Naomi Bernards Polonsky provided helpful advice and



encouragement on my own authorial efforts. There were others as well, too numerous to
list, who graciously responded to my queries or calls for assistance. | am grateful to them
all and hereby relieve them of responsibility for whatever flaws may be found in this
volume. Special thanks for contributing illustrations or their help making photographs or
photocopies are owed to Vincent Golden of the Galvin Library of Illinois Institute of
Technology, Marilyn Ogilvie of the University of Oklahoma’s History of Science
Collections, Renzo Baldasso of the University of Oklahoma, R.Russell Maylone and the
staff of Special Collections at Northwestern University Library, Liba Taub and Catriona
West of the Whipple Museum of the History of Science at Cambridge University, and to
those individuals who contributed pictures from their own collections.

Coping with computer disks using an astonishing variety of software submitted by the
encyclopedia’s contributors as well as with a number of computer problems would have
been more difficult without the helpful assistance of Emad Al Shawakfa and the staff of
the Academic Computing Center at Illinois Institute of Technology. For important and
necessary editorial and technical assistance, | am grateful to several former and present
members of the editorial staff of Garland Publishing. The help provided by Earl Roy and
Marianne Lown of Garland Publishing was indispensable; they were also quite patient
with a novice at this sort of enterprise, as were Joanne Daniels and Tim Roberts. Kenny
Lyman deserves credit, if that is the right word, for persuading me to undertake what has
taken a substantial chunk out of my working life and proven more difficult than | had
imagined. Now that the work has issued from the press, however, | want to express my
thanks to her.

Wilbur Applebaum



INTRODUCTION AND USER’S GUIDE

For several centuries, the study of the natural world has been perceived as having
undergone unusually significant changes in sixteenth- and seventeenth-century Europe,
changes that broke decisively with earlier conceptions and practices and paved the way
for the emergence of modern science. Only since the midtwentieth century, however, has
the term “Scientific Revolution” been applied to those changes and those two centuries.
“Revolution” was thought to be apt in light of the emergence in that era of novel concepts
concerning the structure of the universe, as well as of the nature of matter and motion and
the means of acquiring knowledge of them. It was a period rich in radical transformations
of ideas about the natural world that were inherited from the ancients and modified in the
Middle Ages by Muslim scholars and western Scholastics.

At the beginning of the sixteenth century, the universe was thought to be spherical,
finite, geocentric, and completely filled with matter. By the end of the seventeenth
century, the universe had come to be thought of as infinite, heliocentric, and possessed of
vacuous spaces large and small. In the course of those two centuries, the belief that the
heavens obeyed different laws from those on earth was abandoned. Analogies to
mechanical action largely replaced explanations of natural events in terms of purpose,
values, inherent qualities, and occult powers. Although the universe increasingly came to
be seen as operating on principles similar to those determining the workings of a clock,
the seventeenth century also gave birth to the immensely fruitful, yet decidedly non-
mechanistic concept of universal gravitation; it also provided room for the operation of
other nonmechanical principles.

In the study of living things, as well, long-held traditional ideas were replaced by new
ones. Blood circulated rather than flowed and ebbed through arteries and veins.
Reproduction, it was learned, began with the union of egg and sperm. Sexual
reproduction was noted in plants, and new taxonomical arrangements were proposed as a
great many new plant and animal species were discovered. Related patterns in anatomical
organization and embryological development were discerned in comparative studies of a
variety of species. Living things were divested of souls as governors of their activities;
life functions were understood as analogs of physical and chemical processes.

The increasing employment of experiment, mathematics, and novel instruments was
decisive in the creation of many of these changing ideas. Experiments were designed to
gain new facts, test hypotheses, yield quantifiable results where possible, and be capable
of replication. Close and detailed observation and increasingly precise measurement
became important desiderata, as did the ability to observe the very small and the very
distant.

Some historians of science have questioned the use of the term “Scientific Revolution”
to characterize these changes, stating that it has misleading and anachronistic
implications. Scientific ideas would seem to be disembodied from their cultural contexts.
“Revolution,” it is objected, implies an ahistorical, “triumphalist” account, in which a few



scientific geniuses, responding to “crises” in their disciplines, rapidly overturned certain
concepts and methods and led us from ignorance, superstition, and error to the truths and
successes embodied in modern science.

Further, the characterization of early modern science as revolutionary tends to ignore
the sometimes piecemeal processes by which new ideas emerged in its various branches
and the often lengthy periods during which, for sound reasons, opposed theories were
simultaneously held. Nor was due credit given to the roles played by the gradual recovery
and translation of influential classical Greek texts and the questioning of traditional
principles in the late Middle Ages. These medieval efforts led to important developments
upon which the recasting of fundamental concepts in the sixteenth and seventeenth
centuries was based. Moreover, some of the scientific disciplines pursued during the
period do not exhibit the very marked changes that were true of astronomy and some of
the physical sciences; instead, these disciplines underwent slow changes without radical
alterations in their underlying principles. Although the transformation of scientific ideas
and practice in the sixteenth and seventeenth centuries was a significant turning point in
the creation of modern science, it is objected that an even greater role in that process was
played by events in the nineteenth and twentieth centuries. One could say, therefore, that
there were two or more scientific revolutions.

A good case, however, can be made for retention of the term Scientific Revolution as
unique to the sixteenth and seventeenth centuries. Whether or not events during this
period represent the beginnings of what we call modern science, they certainly
constituted a decisive break with the past. Prime axioms of ancient and medieval
sciences, their modes of investigation and scientific explanation, however modified over
the centuries, were overturned. The sometimes slow processes by which old scientific
theories were challenged and new ones emerged and debated do not invalidate the
concept of the Scientific Revolution, which was not an event, but a complex of events.

In the course of two centuries the tempo of change in the replacement of old scientific
ideas and methods with new ones was much more rapid and radical than had been the
case in the preceding two millennia. Although the scientists of the period did not
characterize their efforts as revolutionary, they were nevertheless aware that they were
creating a wholly new enterprise. The authors of some of the truly revolutionary scientific
ideas of the nineteenth and twentieth centuries had no such sense that they were
transforming the scientific enterprise as a whole. More to the point, one may as well take
issue with such historical categories as the Industrial Revolution and the Renaissance.
They, along with the term Scientific Revolution, encompass periods and complexes of
events broad enough to provide an identifiable framework for investigation, analysis, and
understanding. Just as the Renaissance has come to embrace a field far beyond a “rebirth”
of classical languages, learning, and style, so has the Scientific Revolution come to stand
for much more than the creation of new scientific concepts and practices.

Developments in the world of science, or natural philosophy as it was then called, took
place amid significant social and economic changes in European society, in its
institutions and in intellectual life. The Renaissance and early modern period was the era
of exploration, geographical discovery, encounters with hitherto unknown peoples, and
the creation of colonial empires. These early stages in the creation of a world economy
coincided with the efforts of monarchs and princes to consolidate and enlarge their
powers. To enhance their prestige, and in the hope of practical benefits, rulers became



patrons of mathematicians and natural philosophers. Interest in natural philosophy
became fashionable among the social elites, and themes from the new science appeared in
the works of poets. Improvements in the technologies employed in mining, hydraulics,
horology, cartography, navigation, and warfare resulted in new respect for artisans and
their crafts. The idea inherited from the ancient Greeks—that thinking was superior to
doing—came under challenge. In the course of the sixteenth century, an interventionist
style emerged in the pursuit of natural philosophy, emphasizing practice united to
reflection. Anti-Aristotelian sentiments grew in the universities, as well as impatience
with Scholastic logic-chopping. Magic and alchemy grew in importance and complexity,
reflecting an increase in the desire to know by doing, by the manipulation of nature.
Professors of anatomy, such as Andreas Vesalius (1514-1564), began to perform
dissections to see what could be learned, rather than having their assistants dissect to
demonstrate traditional views.

New institutions for the conduct of scientific activities and their promotion were
created. The printing press and the establishment of postal services permitted the
exchange of ideas and collaborative efforts to a degree impossible before the Scientific
Revolution. Scientific societies were founded in the seventeenth century, and scientific
knowledge began to become available to those who had not been schooled in Latin or
attended universities. Scientific works were beginning to be written in and translated into
the vernaculars. Works written for the nonscientist attracted an audience, and institutions
offering lectures to the public were established.

In the realm of religion, traditional beliefs were challenged both by the Protestant
Reformation and by scientific developments. Boundaries to human knowledge once
thought to derive from theological certitudes were called into question by practitioners of
the new natural philosophy. They argued that man, despite his limitations, was made in
the image of an omniscient God, who had given humans the ability to gain greater
knowledge of the Creator’s works. The new science was charged with denying divine
Providence and the Creation as well as promoting atheism. In response, its defenders
argued that the pursuit of natural philosophy was justified on theological grounds as
revealing in new ways the infinite wisdom and power of the Creator. The argument from
design—that the observed ordered complexity of the natural world is evidence of divine
purpose—received fresh impetus with every new discovery. When scientific positions
were challenged on the grounds of scriptural authority, natural philosophers felt
compelled to insist that science and religion were distinct areas of human knowledge and
authorities in each should not insist on making claims in the other field. Implications of
scientific developments for religion, of little concern in the sixteenth century, became
significant in the early years of the seventeenth century. Nicolaus Copernicus’s (1473-
1543) work on sun-centered astronomy, published in 1543, received little attention on
religious grounds until Galileo Galilei (1564-1642) began to promote it about seven
decades later.

Not only the Catholic Church found the idea of a moving earth objectionable; the
concept violated the most fundamental principles of the science of motion as then known.
In the first half of the seventeenth century, the study of motions of various kinds proved
highly significant. Motion was slowed and broken down into small increments in order to
yield new principles at odds with those of the ancients. Johannes Kepler (1571-1630)
figuratively slowed down the motions of planets by breaking their orbits into one-degree



arc-segments to determine the relationship between the speed of a planet and its distance
from the Sun. The result was the overthrow of the ancient axiom that all celestial motions
must be circular and uniform. William Harvey (1578-1657), in his experiments slowing
down the beating hearts of dying mammals and cold-blooded animals to study the motion
of the blood, showed how blood circulates, thus refuting the traditional doctrine that the
blood ebbs and flows in its channels. Galileo, slowing the motion of falling balls by
rolling them down inclined planes, determined that the rate at which bodies fall is
independent of their weights—contrary to what had long been thought—and that falling
bodies accelerate uniformly during equal time periods.

The decisive events determining the nature of the Scientific Revolution were focused
in the first half of the seventeenth century. Aristotle’s theory of matter, its elements and
qualities, was discarded in favor of new particulate theories of matter. It was in these few
decades that experiment, precise observation, and mathematics were employed to
challenge ancient, long-held scientific principles and to create new ones. It is no mere
coincidence that, in this relatively short period, logarithms, the slide rule, calculating
machines, the pendulum clock, the microscope, the telescope, the air pump, and heat-
measuring devices were invented. During the Renaissance, the pursuit and attainment of
scientific knowledge had been justified by arguments stated in terms of the restoration of
long-lost truths. By the early seventeenth century, emphasis was on the renovation of the
sciences, on novelty, on the discovery of things the ancients had never known. Francis
Bacon (1561-1626) put forward the rapidly adopted idea that science is a progressive and
collective enterprise. The pursuit of natural philosophy was newly justified on the
grounds of its practical benefits. René Descartes (1596-1650) explained that the natural
world and all in it, other than parts of the human soul, operates on mechanical principles.

This uniquely creative segment of the Scientific Revolution was followed by one in
which its achievements were absorbed and developed further. New discoveries were
made and new theories proposed in astronomy, mechanics, pneumatics, optics, chemistry,
and physiology, aided by the increased use of experimentation, the telescope, and the
microscope. The earlier development of algebra and analytic geometry culminated with
the invention of calculus by Gottfried Wilhelm Leibniz (1646-1716) and Isaac Newton
(1642-1727). Newton’s unparalleled achievements in the creation of the calculus, a new
systematic mechanics embracing both celestial and terrestrial phenomena, and his light
and color discoveries in the latter part of the seventeenth century mark a useful
culminating boundary for the Scientific Revolution.

User’s Guide

The topics chosen for the Encyclopedia of the Scientific Revolution reflect the recent
expansion of history of science studies to include issues of social and cultural context.
Here one can find not only scientific ideas and individuals, but also categories and topics
that would never have found their way into such a work several decades ago. Among
them are aspects of the occult (sometimes called the pseudo-sciences), technology,
medicine, scientific institutions, religion, language and literature, and social conditions



that have some bearing on the development of science or that were affected by the
development of science. Interpretations of the Scientific Revolution, its scope and
meaning, are many and include challenges to the concept itself. Various entries will
reflect those differing interpretations and are chiefly encountered in several essays
dealing with historiographical issues.

A word of caution concerning certain expressions used in this encyclopedia: the
history of science is replete with examples of the changing meanings and connotations of
certain terms. We have seen this in the case of the concept of the Scientific Revolution
itself. An atom was understood quite differently in ancient Greece, the seventeenth
century, and the twentieth, as was the word “soul.” Our use of the word “science” has a
more restricted meaning than it had during the Scientific Revolution; the closest to it in
meaning at that time is the term “natural philosophy.” For much of the period, astrology
and alchemy were considered valid sciences. Words such as “scientist,” “biology,” or
“psychology” did not exist. To be intelligible to the modern reader, however, such words
are occasionally used with the understanding that their meanings embody concepts
similar to but not identical with those used during the Scientific Revolution.

As far as possible, entries reflect a sense of the development of the topic over time,
whether a decade, a life-time, or the approximately two centuries covered by this
encyclopedia. Dates given in the various articles are in the Christian era unless designated
as B.C.E. Authors of entries on the various disciplines and broad subject areas, such as
Mathematics, Astronomy, Medicine, and Botany, aim at elucidating, within the limits of
space, such aspects of the subject as its scope, branches, theoretical basis, methodologies,
relation to other fields, means of preparation of its practitioners, and how all of these may
have changed over time. The longer entries on individuals emphasize the development of
their ideas, methods, and practices. Entries ending in “ism,” or associated with major
figures and including an adjectival form of the person’s name, such as Copernicanism,
Cartesianism, and so on, deal with the reception of the ideas of that individual.

The taxonomical listing that follows is intended to give the reader some idea of the
organizational structure of the work and the criteria for choice of topics. Topics on
persons have been omitted here on the grounds that many individuals did not restrict their
activities to a single discipline. General categories followed by an asterisk are also
entries, as are the topics listed under them.



TOPICAL OUTLINE

I. Philosophical Schools, Worldviews, and Associated Concepts

A. Philosophical Traditions
Aristotelianism
Epicureanism
Neoplatonism
Neopythagoreanism
Skepticism
Stoicism

B. Renaissance Nature Philosophies and Concepts
Chemical Philosophy
Correspondences
Hermetism
Macrocosm/Microcosm
Rosicrucianism

C. Mechanical Philosophy”
Active Principles
Atomism
Cartesianism
Clockwork Universe

D. Methodology
Demonstration
Dialectic
Empiricism
Experience and Experiment
Hypothesis
Laws of Nature
Logic
Measurement
Resolution and Composition
Teleology
Theory

E. General Concepts
Attraction
Baconianism
Causality
Classification of Sciences
Cosmogony
Elements



Ether

Infinity of the Universe
Matter

Mixed Sciences
Motion

Plurality of Worlds
Qualities

Secrets of Nature
Space

Spirit

Time

Utopias

Void

I1. Disciplines (Scope, Branches, Methods, Discoveries)

A. Mathematics*
Algebra
Analytic Geometry
Calculus
Decimals
Infinitesimals
Infinity, Mathematical
Logarithms
Music/Harmonics
Probability
Series, Mathematical
Statistics
Trigonometry

B. Physics*

Mechanics*
Dynamics
Force
Impetus
Inertia
Kinematics
Mass

Optics
Color
Diffraction
Light Transmission
Reflection
Refraction
Vision



Other Physical Sciences
Acoustics
Chemistry
Electricity
Geology/Mineralogy
Heat
Hydraulics and Hydrostatics
Magnetism
Meteorology
Pneumatics
Theories of the Earth

C. Astronomy™*
Astronomical Tables and Ephemerides
Calendar Reform
Celestial Spheres
Comets
Copernicanism
Cosmic Dimensions
Geoheliocentrism
Keplerianism
Novae
Parallax
Precession
Ptolemaic Astronomy
Telescopic Astronomy
Tides

D. Animate Sciences
Anthropology and Race
Botany
Embryology
Epigenesis
Fermentation
Generation
Microscopy
Natural History
Preformation
Psychology
Sex and Gender
Soul
Species
Spontaneous Generation
Taxonomy
Vitalism
Zoology

E. Medical Sciences



Anatomy
Colleges of Physicians
Dissection
Etiology
Galenism
Humors
latrochemistry
latromechanics
Medicine
Pharmacology
Pharmacy
Physiology
Pneuma
Surgery

F. Occult Sciences
Alchemy
Astrology
Kabbalah
Magic
Witchcraft

G. Instruments
Air Pump
Astrolabe
Barometer
Calculating Machine
Compass
Cross-Staff
Microscope
Proportional Dividers
Quadrant
Slide Rule
Telescope
Thermoscope/Thermometer

I11. Institutions, Organizations, and Communication

A. Scientific Instruction
College Royal
Collegio Romano
Educational Reform
Gresham College
Medical Education
Universities
B. Scientific Societies
Académie Royale des Sciences
Academies



Accademia dei Lincei
Accademia del Cimento
Montmor Academy
Oxford Philosophical Society
Royal Society

C. Observatories, Laboratories, and Collections
Botanical Gardens
Laboratories
Menageries
Museums and Collections
Observatoire de Paris
Royal Observatory at Greenwich
Uraniborg

D. Scientific Communication
Acta Eruditorum
Bureau d’adresse
Correspondence Networks
Journal des S¢avans
Philosophical Transactions

IV. Social and Cultural Contexts

A. Social Aspects
Government and Science
Humanism
Ideology, Science as
Patronage
Political Theory
Popularization
Public Knowledge
Social Class and Science
Styles of Science: National, Regional, and Local
Virtuosi
Women and Natural Philosophy
B. Religion and Natural Philosophy*
Biblical Chronology
Biblical Interpretation
Book of Nature
Cambridge Platonists
Galileo and the Church
Physico-Theology
Prisca theologia
Providence
Reformation, Protestant
Society of Jesus
C. Language, Literature, and Representation



Art
Discourse, Modes of
Emblematics
Encyclopedias
Illustration
Libraries
Literature
Perspective
Printing
Rhetoric
Translations
Universal Languages

D. Technology, Applied Sciences, Crafts
Agriculture
Almanacs
Archaeology and Antiquities
Acrchitecture
Automata
Ballistics and Gunnery
Books of Secrets
Camera Obscura
Cartography
Casa de la Contratacion
Exploration and Discovery
Fortification
Geography
Globes, Astronomical and Terrestrial
Histories of Trades
Horology
Instrument Makers
Mining and Metallurgy
Navigation
Shipbuilding
Surveying

V. Historiographical Issues and Interpretations
Craftsman-and-Scholar Thesis
Internal/External Historiography
Magic and the Scientific Revolution
Marxist Historiography
Medieval Science and the Scientific Revolution
Positivist Historiography
Puritanism and Science
Realism
Revolutions in Science
The Scientific Revolution



Warfare of Science and Theology
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1462

1469

1472

1486

1494

1503

1514

1518

1522

1530

1530-
1536

1531

CHRONOLOGY

Publication of the widely read Epitome of Ptolemy’s Almagest by Georg Peurbach (1423-
1461) and Johannes Regiomontanus (1436-1476)

Initial Latin translation of the Corpus Hermeticum, an influential series of tracts on
theology and the occult, believed to have been written by Hermes Trismegistus, an ancient
Egyptian sage

Georg Peurbach’s New Theory of the Planets, written in 1454, attempts to reconcile
geometric models for predicting planetary positions with Aristotle’s homocentric celestial
spheres

Publication of The Hammer of Witches, on the nature of witchcraft and the necessity of its
punishment

Giovanni Pico della Mirandola (1463-1494) attacks the practice of astrology as interfering
with belief in Providence and human free will

The introduction to Europe of Arabic numerals for arithmetic computation, including their
use in fractions and the extraction of square roots, is published by Luca Pacioli (ca. 1445—
1517)

Founding of the influential Casa de la Contratacion in Seville by the Spanish monarchy
for the teaching and improvement of navigation and cartography

A draft of the heliocentric theory of Nicolaus Copernicus (1473-1543), the
Commentariolus (Little Commentary) circulates among astronomers

Granting of a royal charter to the London College of Physicians, functioning as a guild,
but also as a learned society

Completion of the first circumnavigation of the globe by the expedition initially led by
Ferdinand Magellan

A description of and speculation on the causes of a disease new to Europe is published in
Syphilis, or the French Disease by Girolamo Fracastoro (1478-1553)

Establishment of the Collége Royal in Paris for the advancement of learning by providing
free lectures to the public on, among other subjects, philosophy, mathematics, and
medicine

Publication of Otto Brunfels’s (ca. 1489-1534) Portraits of Living Plants, the first
publication by a botanist to incorporate illustrations from nature rather than from copies
and narratives in traditional accounts

The first emblem book, the enormously popular Emblemata by Andrea Alciati (1492—
1550), providing a visual language through the use of symbolic images associated with
brief mottoes frequently taken from classical and religious sources, influenced
representations of plants and animals in books of natural history

Juan Luis Vives (1492-1540) urges the reform of education and the importance of
empirical knowledge by learning from craftsmen in his On the Disciplines



1532

1533

1538

1539

1540

1541

1542

1543

1545

1546

1547
1551

1553

1554

1555

Peter Apian (1495-1552) and Girolamo Fracastoro note that the tail of the comet seen in
that year—Ilater known as Halley’s Comet—points away from the Sun

Publication of Heinrich Cornelius Agrippa’s (1486-1535) On Occult Philosophy, an
influential compendium of the occult sciences

An effort to eliminate apparent contradictions between Ptolemaic astronomy and Aristotelian
cosmology is made in Homocentrics, or On the Stars by Girolamo Fracastoro

Establishment of clinical teaching and the use of patients’ medical histories at the University
of Padua

Vannoccio Biringuccio (1480-ca. 1540) publishes the first comprehensive text on
metallurgy

A description of Nicolaus Copernicus’s heliocentric astronomy is provided by Georg
Joachim Rheticus (1514-1574) in his Narratio prima (First Account)

Giovan Battista Canano’s (1550-1579) work on anatomy, based on some of his own
observations, showing in a novel way, through etchings, the relations of the muscles to their
functions

A novel, widely influential, and masterfully illustrated herbal by Leonhart Fuchs (1501-
1566), On the History of Plants, depicts plant forms with their essential generalized features

Andreas Vesalius’s (1514-1564) On the Fabric of the Human Body, the most influential text
on anatomy in its time, based on his own dissections and beautifully illustrated, notes a
number of errors in the classical anatomy of Galen

Nicolaus Copernicus’s heliocentric theory is published in his De revolutionibus orbium
coelestium (On the Revolutions of the Celestial Spheres)

Girolamo Cardano’s (1501-1576) The Great Art brings together many earlier algebraic
innovations and introduces his novel methods for dealing with equations of the third degree

Establishment of the first medicinal plant gardens at the universities of Padua and Pisa

Ambroise Paré (ca. 1510-1590) publishes the first of his innovative methods in surgery—the
use of mild dressings instead of cautery in the treatment of wounds and incisions

The spread of plague is explained by Girolamo Fracastoro in his On Contagion, by the
spread of disease “seeds” through personal contact, thecommon use of “seed”-carrying
objects, or through the air

Preparation of the first standardized pharmacopoeia in Nirnberg

Publication of Erasmus Reinhold’s (1511-1553) Prutenic Tables, based on Copernicus’s
planetary models, perceived as the most accurate of their time

Founding of the Collegio Romano as a Jesuit university, many of whose teachers and
students were active scientists during the Scientific Revolution

Michael Servetus (1511-1553) puts forward his description of the pulmonary circulation of
the blood in a heretical theological work, for which he was burned at the stake by John
Calvin, in Geneva

Giovanni Battista Benedetti (1530-1590) challenges Aristotle’s theory that falling bodies
move with speeds proportional to their weights

Pierre Relon’s (1517-1564) Historv of the Natire of Rirds features illustrations that had all
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1558
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1564

1566

1569

1570

1572

1576

1577

been made from his own observations rather than from traditional and sometimes imaginary
accounts and presents an anatomical comparison between a human and an avian skeleton

Georgius Agricola’s (1494-1555) comprehensive and highly influential text on mining and
metallurgy, De re metallica, is illustrated with detailed woodcuts

Juan Valverde’s (ca. 1525—ca. 1588) anatomical text, Account of the Structure of the Human
Body, the most widely read in Renaissance Europe, included thirty novel anatomical
discoveries and the first anatomical engravings in copperplate, some by a student of
Michelangelo

Giambattista della Porta’s (1535-1615) Natural Magic is intended to demonstrate that this
collection of marvelous phenomena was natural and not demonic

Gioseffo Zarlino (1517-1590) challenges the traditional theory of consonance and intonation
with adaptations suitable for the music of his time

Realdo Colombo’s (1510-1559) On Anatomy describes his independently discovered
pulmonary circulation of the blood—an important step in the later discovery of its
circulation through the entire

body—and asserts, contra Galen, that systole, the contraction of the heart, is its active phase

Discovery of the fallopian tubes, described in the Anatomical Observations of Gabriele
Falloppio (1523-1562)

Bartolomeo Eustachio (ca. 1510-1574) discovers the aural passage that came to bear his
name and makes improvements on Vesalian anatomy

Publication of the works of Pedro Nufies (1502-1578) on navigation, explaining the use of
new instruments and how to sail on a great circle course

The cartographic projection system of Gerardus Mercator (1512-1594) enables navigators to
choose constant courses in any part of the world

Paracelsus’s (1493-1541) works, most unpublished in his lifetime and written approximately
four decades earlier, begin to be published, explaining his views on the nature of matter,
physiology, diseases, and the use of chemical medicines

The use and importance of mathematics in many fields is strongly urged by John Dee (1527-
1608) in a much-noted Preface to an English translation of Euclid’s geometry by Henry
Billingsley

Abraham Ortelius (1527-1598) publishes the first atlas

Observations of a striking supernova appeared to indicate that it was beyond the sphere of
the Moon, challenging the traditional idea of the unchanging nature of the heavens

An early sympathethic and brief account of Copernicus’s heliocentric theory and a
description of the stars as infinite in extent is given by Thomas Digges (ca. 1546—1595)

Construction begins on Tycho Brahe’s (1541-1601) observatory, Uraniborg, on the Danish
island of Hven, site of the most precise and detailed collection of astronomical data of its
time

Francisco Herndndez (1515-1587) leaves Mexico after six years, having compiled a great
mass of data and illustrations on the environmental conditions of many plant and animal
species unknown in Europe and on the inhabitants of Mexico



1582

1583

1584

1585

1587

1588

1591

1596

1600

1600

Observations of a comet indicated that its path was beyond the sphere of the Moon,
challenging the Aristotelian conception of the solidity of the celestial spheres and that
comets were sublunarphenomena

Guidobaldo del Monte’s (1545-1607) Book of Machines applies Archimedean statics to the
study of machines

Reform of the Julian calendar completed, with publication of a papal bull by Pope Gregory
X111

Giovanni Antonio Magini (1555-1617), although rejecting heliocentrism, begins to publish
ephemerides making use of Copernican data and methods

Andrea Cesalpino’s (1519-1603) influential On Plants proposes a classification system
based on reproduction, emphasizing seed, flower, and fruit

Joost Biirgj (1552-1632), the most ingenious watch and clockmaker of his time, devises an
escapement making clocks more accurate than any in use

The first systematic presentation of decimal numeration, published by Simon Stevin (1548-
1620)

Completion of the publication of Conrad Gessner’s (1516-1565) monumental multivolume
Histories of Animals, for which numerous zoologists had supplied data from their own
observations of animal morphology and behavior

The first account of the inhabitants and resources of North America, by Thomas Harriot (ca.
1560-1621), in A Briefe and True Report of the New Found Land of Virginia

The influential translation by Federico Commandino (1509-1579) of the main Greek texts of
Archimedes into Latin

Publication of Tycho Brahe’s geoheliocentric system, in which the planets revolve around
the Sun, with the Sun revolving about the stationary earth

The most comprehensive illustrated work on machines and their design, published by the
military engineer Agostino Ramelli (1531-1590)

Publication of Francois Vieéte’s (1540-1603) Introduction to the Analytical Art, a pioneering
work in the creation of analytic geometry

Francesco Patrizi (1529-1597) cites correlations between the tides and lunar positions

Gresham College, founded by bequest of the prosperous London merchant Sir Thomas
Gresham to provide public lectures on, among other subjects,

astronomy, geometry, and medicine; it later becomes the locus of a group that founded the
Royal Society of London

The Cosmographic Mystery, by Johannes Kepler (1571-1630), improves upon Copernican
astronomy, putting forward Kepler’s goal of uniting mathematical astronomy, physics, and
religion in the creation of a new astronomy

Giordano Bruno (1548-1600), an early Copernican and a believer in the infinity of the
universe and a plurality of worlds, is burned at the stake for heretical religious opinions

The first detailed and observation- and experiment-based study of magnetism as a
cosmological principle, in On the Magnet, by William Gilbert (1540-1603)



1601

1603

1604

1607
1608

1609

1610

1611

1612

1613

1614

1616

For his astronomical work, Tycho Brahe gains the patronage of the Holy Roman Emperor in
Prague

The sine law of refraction obtained by Thomas Harriot (ca. 1560-1521), but never published
by him
The Holy Roman Emperor, Rudolph I, becomes the patron of Johannes Kepler

The Accademia dei Lincei (Academy of Lynxes) founded in Rome as a scientific society

The discovery of the valves in the veins, by Girolamo Fabrici (ca. 1533-1619), significant
for the later determination that the blood circulates

Thomas Harriot succeeds in obtaining the area of a spherical triangle

Johannes Kepler holds that light rays are rectilinear, that they diminish in intensity by the
inverse square of their distance as they travel from the light source, and that it is on the retina
that an inverted image is formed and transmitted to the nerves

Galileo Galilei (1564-1642) demonstrates that a projectile follows a parabolic path

The telescope, utilizing a convex objective and a concave eyepiece, invented in the
Netherlands

Johannes Kepler’s (1571-1630) New Astronomy shows that Mars moves nonuniformly in an
elliptical orbit and proposes a quasi-magnetic force as the cause of planetary motion

Installation at the University of Marburg of the first professorship of medical chemistry, with
the introduction of laboratory teaching

Galileo reinvents the telescope and uses it to observe the heavens

Thomas Harriot independently obtains or builds a telescope and begins to observe the
heavens

Approximate date of the invention of the microscope

Galileo presents the results of his earliest tele-scopic observations, including innumerable
stars invisible to the naked eye, mountains on the Moon, and four of Jupiter’s satellites, in
his Sidereal Messenger. Later that year he discovers the phases of Venus and the peculiar
appearance of Saturn

Johannes Kepler’s Dioptrics analyzes optical refraction and proposes an improvement in the
Galilean telescope, making it more effective for astronomical observation

Santorio Santorio (1561-1636) publishes the first account of a thermometer using air as the
expanding and contracting fluid

Galileo’s Letters on Sunspots debates the nature of sunspots with Christoph Scheiner (1573-
1650) and comes out in favor of the Copernican system

John Napier (1550-1617) puts forward foundational rules for the concept of logarithms

The influence of the Corpus Hermeticum begins to wane when it is shown to have been
written well after the classical Greek and early Christian eras

Publication of the first of two tracts announcing the goal of the Rosicrucian movement to
reform knowledge through the application of numerology, alchemy, and Paracelsian medical
chemistry

Galilen is admonished hv Cardinal Rellarmine. a member of the Inaiisition. to ahandon the



1617

1618

1619

1620

1621

1622

1623

1624

1625
1626

1627

1628

teach-ing of the Copernican system, and Copernicus’s On the Revolutions is placed on the
Index of Prohibited Books until it should be corrected

Robert Fludd’s (1574-1637) History of the Two Cosmoses, in a series of allegorical plates,
represents the unity of God, His creation, and human knowledge through the concept of the
microcosm reflecting the macrocosm

Foundation of the Worshipful Society of Apothecaries in London

Publication in London of the Pharmacopoeia Londinensis, the first national pharmacopoeia
possessing legal standing

Johannes Kepler’s Harmonics of the Universe presents his Third Law, relating the periods of
the planets to their distances from the Sun

Francis Bacon’s (1561-1626) Novum organum analyzes the barriers to effective thinking
and proposes observation and experiment as necessary foundations for the acquisition of new
knowledge

Johann Valentin Andreae (1586-1654) proposes a model scientific society with scientific
work as a collective enterprise

Approximate date of Willibrord Snel’s (1591-1626) discovery of the sine law of refraction

Girolamo Fabricius’s posthumous On the Formation of the Egg and the Chick postulates that
in viviparous generation, an embryo is created by the union of semen and blood supplied by
the parents

Publication of Tommaso Campanella’s (1568-1639) Apologia pro Galilaeo in support of
Galileo’s Copernicanism and his views on the separation of science from religion

Christian Severin (Longomontanus) (1563-1647), who had been Tycho Brahe’s chief
assistant, shows the geometrical equivalence of the Ptolemaic, Tychonic, and Copernican
systems, but opts for a central rotating earth

William Oughtred (1575-1660) invents the slide rule

Galileo’s The Assayer presents his arguments opposing Scholastic methods in the study of
nature and advocates the use of mathematical and experimental methods

Pierre Gassendi (1592-1655) redefines the goal of empirical science as determining
probable, rather than certain, results

Wilhelm Schickard (1592-1635) designs the first arithmetic calculating machine

Francis Bacon’s New Atlantis describes a fictionalized institution for collaborative scientific
research, later seen as a model for subsequently founded scientific societies

Johannes Kepler’s Rudolphine Tables, based on his laws of planetary motion, provides the
most accurate astronomical tables up to that time

Lorenzo Bellini (1643-1704), by dose examination of the anatomy of the kidney, challenges
the traditional Galenic account by noting that the kidney operates like a sieve, separating
urine from blood

Approximate date of René Descartes’s (1596-1650) independent discovery of the sine law of
refraction

William Harvev (1578-1657) niihlishes his Anatomical Fxercises on the Movement of the



1630

1631

1632

1633

1634

1635

1637

1638

1639

1641

1644

1645

Heart and Blood, demonstrating how the blood circulates

In his On the Measure of Running Waters, Benedetto Castelli (1577-1643) establishes the
basis for the science of hydraulics

Founding of the Bureau d’Adresse, a clearinghouse for information, goods, and services in
Paris that offered weekly conferences to the public on scientific issues

Christoph Scheiner presents his detailed observations on sunspots, challenging Aristotelian
concepts on the nature of the heavens

Thomas Harriot’s posthumous work advances algebra by relating roots to binomial factors of
polynomials and creates new forms of algebraic notation

Galileo’s Dialogue Concerning the Two Chief World Systems, Ptolemaic and Copernican
argues forcefully for the Copernican system by employing his discoveries with the telescope
and his novel ideas on the nature of motion

Galileo’s trial before the Inquisition for his advocacy of Copernicanism results in his
conviction on vehement suspicion of heresy and his abjuration. He is placed under house
arrest for the remainder of his life, and his Dialogue on the Two Chief World Systems is put
on the Index of Prohibited Books

Johannes Kepler’s posthumous The Dream, an imaginative account of a trip to the Moon and
of the life of its inhabitants, provides the elements of Copernican astronomy in popular form

Bonaventura Cavalieri (1598-1647) publishes a means of calculating the areas and volumes
of various planes and solids by the use of indivisibles

Declination of a compass needle is noted as varying over time and not constant for a given
latitude

Publication of René Descartes’s Discourse on Method and his Geometry, a foundation work
on analytic geometry. The appearance of colors when light is refracted is explained in
mechanistic terms in Descartes’s Dioptrics, attributed to particles of light acquiring different
rotational speeds

Galileo’s Discourses on Two New Sciences presents his ideas on the nature of motion and
strength of materials

John Wilkins’s (1614-1672) Discovery of a World in the Moone brings some of the
discoveries of Kepler and Galileo to the general reader

The first observation of a transit of Venus across the Sun, a rare phenomenon used in the
eighteenth and nineteenth centuries for determining the distance of the earth from the Sun, is
made by Jeremiah Horrocks (1618-1641)

René Descartes’s Meditations presents the dualistic metaphysical foundations—material and
spiritual—of his mechanistic natural philosophy

Evangelista Torricelli (1608-1647) fills a tube sealed at one end with mercury, and with the
open end immersed in mercury, notes its fall in the tube to a certain level, leaving a void
above it

René Descartes’s Principles of Philosophy puts forward his ideas on matter, mechanics, and
the universe as a plenous mechanical system

Ismael Roulliai’s (1605-1694) Philolaic Astronomv hecomes widelv inflilential in



1647

1648

1650
1651

1653

1654

1656

1657

promoting Johannes Kepler’s theory of elliptical planetary orbits but rejects his idea of a
physical cause for planetary motions

Publication by Michael Florent van Langren (1598-1675) of the first engraved lunar map
showing the features of the Moon and their names

A much more detailed description with illustrations of the surface features of the Moon is
given by Johannes Hevelius (1611-1687) in his Selenographia

Construction of the first air pump by Otto von Guericke (1602-1686)

Blaise Pascal’s (1623-1662) New Experiments Concerning the Void describes a series of
experiments demonstrating that the presence of matter above the mercury in a Torricelli tube
cannot be detected

The theory that the height of the mercury in a tube that is sealed at the top and has its open
end immersed in a dish of mercury will vary with altitude is successfully tested by Pascal

Johannes Baptista van Helmont (1579-1644) strongly supports the development of medical
chemistry and the role of chemistry in physiological function

Initial meetings of the experiment-oriented Oxford Philosophical Society, many of whose
members would later help found the Royal Society of London

Publication of John Wilkins’s (1614-1672) popular Mathematical Magick, a primer on
mechanics designed for the general public

A classic clinical description of rickets published by Francis Glisson (1597-1677) and others

Thomas Hobbes’s (1588-1679) classic work of political theory, Leviathan, utilizes a concept
of human nature influenced by his familiarity with contemporary mechanistic ideas on
physiology and sensation

Giovanni Battista Riccioli (1598-1671) presents the astronomical work of Copernicus and
Kepler in a detailed effort to demonstrate that the earth does not move

First meetings of the Montmor Academy, an early French scientific society, at the home of
H.L. Habert de Montmor (ca. 1600-1679)

Christiaan Huygens applies the sine law of refraction to spherical lenses

The first presentation and promotion of Epicurean atomism in English in Walter Charleton’s
(1620-1707) Physiologia Epicuro-Gassendo-Charletoniana, a translation of Pierre
Gassendi’s work on the subject

Establishment in Tuscany of a network of meteorological stations to collect data on weather
conditions

James Ussher (1581-1656), Archbishop of Armagh, through close analysis of biblical
passages, determines the date of Creation as October 23, 4004 B.C.E.

Christiaan Huygens’s pendulum clock allows for significantly greater precision in time
measurement

Founding of the Accademia del Cimento (Academy of Experiment) in Florence

A theory of epigenesis, the development of organisms through successive stages of organ
development from unformed fertilized ova, is presented by William Harvey (1578-1657) in
his Exercises Concerning the Generation of Animals
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1659

1661

1662

1663

1664

1665

Otto von Guericke (1602-1686) demonstrates the pressure of the air by showing that two
teams of horses are unable to pull apart two joined metal hemispheres from which the air had
been evacuated

Christiaan Huygens provides a description of an improved pendulum clock yielding a
substantial increase in accuracy

Publication of a detailed exposition of Epicurean philosophy by Pierre Gassendi incorporates
Christian elements and aspects of contemporaneous natural philosophy, influential in the
development of atomic theories of matter and of the existence of vacua

Contagion is held by Athanasius Kircher (1602-1689) to occur through the spread of
animate and sticky particles

Christiaan Huygens explains the changing appearance of Saturn as due to its being
surrounded by a flat ring of matter

Marcello Malpighi (1628-1694), using the microscope, observes the capillaries joining
arteries and veins, demonstrating conclusively the ability of the blood to circulate

Robert Boyle’s Sceptical Chymist argues against Aristotelian and Paracelsian chemical
theories in favor of the use of more practical and experimental means of enlarging chemical
knowledge

Joseph Glanvill’s (1636-1680) Vanity of Dogmatizing puts forth a skeptical attack on
Avistotelian methods in the practice of natural philosophy and strongly supports the use of
experimentation

René Descartes’s posthumous Treatise on Man presents human physiology as operating on
mechanical principles

Establishment, by royal charter, of the Royal Society of London for the Improvement of
Natural Knowledge, the oldest of today’s scientific societies, and the appointment of Robert
Hooke (1635-1702) as Curator of Experiments, charged with conducting experiments at the
Society’s weekly meetings

The second edition of Robert Boyle’s (1627-1691) New Experiments Physico-Mechanicall,
Touching the Spring of the Air and its Effects details his experiments with the vacuum pump
and states the inverse relation between the pressure and volume of a gas

Lorenzo Bellini (1643-1704), by detailed anatomical investigation of the kidney, challenges
the traditional Galenic idea of its function by showing that it operates like a sieve, separating
urine from blood

John Graunt (1620-1674) publishes the first statistical tables in his Observations upon the
Bills of Mortality, with data on London’s population and its characteristics

Girolamo Gardano’s Book of Games of Chance, although written a century earlier, is
published in response to increased interest by mathematicians in probability theory

René Descartes’s posthumous The World puts forth a theory of the transmission of light as
pressure in a medium consisting of a “subtle matter”

Thomas Willis (1621-1675) significantly advances neuroanatomy through his investigations
of the brain and nervous system

Robert Hooke’s (1635-1702) Micrographia provides detailed etchings of his microscopic
observations, including the cells in cork, and popularizes the compound microscope



1666

1667

1668

1669

1670

1671

Publication in Paris of the Journal des Scavans, the first journal to feature scientific news
Initial publication of the Philosophical Transactions of the Royal Society

Francesco Maria Grimaldi (1618-1663) describes the diffraction of light and proposes a
theory that

light is “split apart” when flowing past the edges of bodies

The Académie Royale des Sciences is established in Paris, under the patronage of King
Louis X1V, to advance science and mathematics

Giovanni Alfonso Borellis (1608-1679) Theories of the Medicean Planets proposes that
the orbits of celestial bodies are governed by an attraction to their centers and a quasi-
inertial tendency to remain in motion

Explanation of chemical processes by “corpuscularianism,” a particulate theory of matter,
is put forward by Robert Boyle (1627-1691) in his Origine of Formes and Qualities

Establishment of the Paris Observatory under royal patronage

On religious principles and Baconian grounds, Thomas Sprat’s History of the Royal
Society defends the institution against attacks, describing it as capable of providing for the
improvement of life through its effective utilization of inductive methods in the study of
nature

In Experiments on the Generation of Insects, Francesco Redi (1626—-1679) demonstrates
that insects and other lower forms of life are not generated spontaneously, but instead
come from eggs

John Wilkins publishes An Essay Towards a Real Character and Philosophical Language,
an effort to create a scientific, universal, unambiguous language with a vocabulary
capturing the essences of its referents

Isaac Newton (1642-1727) builds the first reflecting telescope

Isaac Barrow (1650-1677), first holder of the Lucasian Chair of Mathematics at
Cambridge University, resigns it in favor of Isaac Newton

Description of the heart’s function as a muscle and details of his experiments with blood
transfusion are published in Treatise on the Heart by Richard Lower (1631-1691)

Nicolaus Steno (1638-1686) explains the sequential deposition of sedimentary strata and
proposes a theory of the calcification of the remains once-living animals

Jan Swammerdam’s (1637-1680) microscopical work on the development of insects leads
him to reject the notion of their spontaneous generation and to speculate whether
organisms are fully formed before fetal development

Newton makes the first reflecting telescope and begins his decades-long involvement with
the theory and practice of alchemy

Jacques Rohault’s (1618-1672) Traité de Physique (Treatise on Physics) published as an
important text on Cartesian natural philosophy

Jean Picard’s (1620-1682) Measure of the Earth, a description of his precise
measurement of a meridional arc, influential in geodesy, cartography, and celestial
mechanics



1672

1672-
1673

1673

1674

1675

1677

One of the earliest attempts, by Jan de Witt (1625-1672), to apply statistical methods for
economic goals by using life expectancy to calculate premiums for annuities

Creation of the first electrical machine—a sulfur globe rubbed and electrified by a dry
hand—described by Otto von Guericke (1602-1686) in his Experimenta nova

In an article in the Philosophical Transactions of the Royal Society, Isaac Newton
establishes, by experiment with a prism, that white light is composed of a spectrum of
colors and that light of each color is refracted at a different angle

A detailed study of the anatomy and physiology of the female reproductive system by
Regnier de Graaf (1641-1673) leads to the discovery of the follicles bearing his name and
his support of the theory of ovistic preformation

Detailed microscopic observation by Marcello Malpighi (1628-1694) of the first hours of
embryonic development of the chick, with descriptions of the initial formation of various
organs

Jean Richer’s (1630-1696) expedition to Cayenne in French Guyana results in an
adjustment of 90 arc-minutes in the obliquity of the ecliptic and a revision in the
horizontal solar parallax, enabling a more precise measure of the distance of the earth
from the Sun

An Essay to Revive the Ancient Education of Gentlewomen by Bethsua Makin (ca. 1612—
ca. 1674),

is one among a number of works published in the seventeenth century urging equality of
education and the ability of women to study natural philosophy

Publication of Christiaan Huygens’s book on the pendulum clock contains a more refined
and accurate version of the timepiece

Initial publication in the Philosophical Transactions of the Royal Society of the
microscopical discoveries of Antoni van Leeuwenhoek (1632-1723)

John Mayow (1641-1679) proposes that certain particles in the air are necessary for
combustion and are transmitted by the lungs to the blood, where they serve to maintain body
heat and other functions

Ole Rémer’s precise astronomical observations lead him to conclude that the speed of light
is finite
Gian Domenico Cassini (1625-1712) discovers the gap in Saturn’s ring system

Establishment of the Royal Observatory at Greenwich, England, and the appointment of
John Flamsteed (1646-1719) as its director

Nicolas Lemery’s (1645-1715) Cours de chemie presents the most influential corpuscular
account of chemical reactions

Robert Boyle proposes in his Experiments and Notes about the Mechanical Origin and
Production of Electricity that electrical effects can be explained by the emission and
refraction of electrical effluvia

Thomas Shadwell’s The Virtuoso satirizes the work of the Royal Society of London as silly
and impractical

Discovery of spermatozoa by use of the microscope, reported by Antoni van Leeuwenhoek
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1679

1681

1683

1684

1686

1687

1690

Francis Glisson (1597-1677), in a study of muscle fibers, proposes the influential theory that
the basic property of living matter is irritability, the ability to be stimulated and to respond
by contracting

Ralph Cudworth (1617-1688), in his True Intellectual System of the Universe, strongly
challenges, on theological grounds, the idea that the universe is composed of inert matter

Edmond Halley (ca. 1646-1743) presents a catalogue of the stars in the Southern
Hemisphere

“Hooke’s Law,” based on several years’ study with watch springs, states that the “power” of
any spring is proportional to its tension

A work by Johannes Hevelius describes his instruments and gives over 20,000
measurements of positions of celestial objects, useful for later astronomers as the most
extensive database for the period

Edmé Mariotte (ca. 1620-1684), in an analogy with the circulation of the blood, describes
the sap in plants as circulating

Robert Hooke solicits Isaac Newton’s opinion on the possibility of explaining the motions of
the planets by the assumption of inertia and an attractive force from the Sun, initiating a train
of events leading to Newton’s monumental achievement in his Mathematical Principles of
Natural Philosophy of 1687

Publication of the first nautical almanac in Paris
John Mayow (1640-1679) shows that air is necessary for combustion as well as respiration

The application of mechanical principles to analysis of the movements of animals
undertaken by Giovanni Alfonso Borelli (1608-1689) is published in his posthumous On the
Motions of Animals

Publication of the first two volumes of Thomas Burnet’s (ca. 1635-1715) Sacred Theory of
the Earth, which, following the biblical account, stimulated discussion of the changing
nature of the earth’s surface over time

Opening of the Ashmolean Museum at Oxford University, the first English public museum,
established with the donation by Elias Ashmole (1617-1692) of his library and artifacts

Publication of Gottfried Wilhelm Leibniz’s (1646-1716) first paper outlining his symbolism
for and approach to the calculus, utilizing infinitesimals

Discovery of the third and fourth of Saturn’s satellites by Gian Domenico Cassini (1625-
1712), after having discovered two others in 1671 and 1672

Francesco Redi (1626-1698) publishes an encyclopedic account of hundreds of parasites

Publication of the first edition of Conversations on the Plurality of Worlds by Bernard le
Bovier de Fontenelle (1657-1757), a classic popularization of the Cartesian version of
Copernicanism

Correction of René Descartes’s measure of force as mv by Gottfried Wilhelm Leibniz (1646—
1716) to mv?, which he termed “living force”

Isaac Newton’s Mathematical Principles of Natural Philosophy establishes fundamental
principles of classical mechanics—his concepts of force, mass, space, and time and his laws
of motion and universal gravitation

John | ocke’s (1622-1704) Fssav Concernina Hiiman Understandina nronnses that
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1697
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1706

1713

knowledge about the nature of matter can be probable at best, rather than of demonstrable
certainty

Christiaan Huygens’s Treatise on Light advances a wave theory of the propagation of light

Posthumous publication of Johannes Hevelius’s catalog of the positions of over 1,500 stars,
a standard reference source for his successors

William Petty’s (1623-1687) pioneering Political Arithmetic develops mathematical
methods as a foundation for political economy

John Ray (1620-1705), in his book on British plants, uses multiple criteria to distinguish
species

Edmond Halley provides a mathematical equation for finding the focal lengths of lenses of
all shapes

First detailed explanation of plant sexuality by Rudolph Jacob Camerarius (1665-1721), in
his A Letter on Plant Sexuality

Emphasis on the genus as the primary category of plant taxonomy, based mostly on general
characteristics of flower and fruit, is given in Elements of Botany by Joseph Pitton de
Tournefort (1656-1708)

Publication of the first textbook on the calculus by the Marquis de L’Hopital (1661-1704)

Samuel Clarke (1618-1672) translates Jacques Rohault’s Cartesian Traité de physique
(1671) as System of Natural Philosophy with Newtonian footnotes, for use as a university
textbook of physics

Founding of the Berlin Academy of Science by Gottfried Wilhelm Leibniz
Edmond Halley prepares the first map showing magnetic variation

Publication of one of the earliest mathematically informed popular works on Newtonian
astronomy, David Gregory’s (1659-1708) Elements of Physical and Geometrical
Astronomy, with an anonymous preface by Newton claiming ancient authority for the
concept of gravity

Herman Boerhaave (1668-1738), the most influential medical teacher of his time and for
some time after, lays down the principles of an effective medical curriculum, emphasizing a
sound scientific foundation

The first edition of Isaac Newton’s (1642-1727) Opticks, based on his experiments and
including his “Queries” on important and unresolved issues on various aspects of nature

The comet that now bears Edmond Halley’s name, and that he had observed in 1682, is
determined by him to have an elongated elliptical orbit Maria Merian (1647-1717) publishes
her work on the metamorphoses of insects, based on her field work in Surinam, contributing
to the rejection of the idea of spontaneous generation

Isaac Newton postulates as a fundamental principle of physics forces of attraction and
repulsion between particles of matter

Posthumous publication of The Art of Conjecturing by Jakob Bernoulli (1654-1705),
intended as a guide to sound thinking by utilizing probabilistic analysis, presents a proof for
the law of large numbers

William Derham’s (1657-173RK) Phvsicn-thenlnnv and the second edition of Isaac Nlewton’s



Mathematical Principles of Natural Philosophy establish a trend to promote the discoveries
of science as evidence for the greatness, wisdom, and goodness of God

1715 Gottfried Wilhelm Leibniz sends his list of objections to Isaac Newton’s philosophy to the
Princess of Wales, initiating a debate with Newton’s defender, Samuel Clarke, on the
relation of God to a universe conceived as mechanical in nature
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A

Académie Royale des Sciences

Founded in Paris in 1666 under Louis XIV. Its mission was to advance natural
philosophy and mathematics and to apply the laws of nature to practical reforms. The
academy quickly became a preeminent arbiter of scientific thought, a role it sustained
until 1793, when it was dissolved, to be reincarnated in 1795 as part of the Institut de
France. From the start, this company of savants was a monument to royal patronage and
to the ideals of the Scientific Revolution. Moreover, its work addressed the theoretical
controversies that dominated natural philosophy after René Descartes (1596-1650).

Royal patronage guaranteed the academy prestige and generous funding, but at the
price of close supervision by its ministerial protectors. Aside from a fashionable
enthusiasm for exotic fauna and flora, Louis XIV had little interest in matters
mathematical or scientific, except insofar as they might advance matters of state. He is on
record as visiting the academy only twice, once in December 1681 at its rooms in the
Royal Library and again in May 1682 at its observatory. Otherwise, the academy came to
Court, whether to survey for the water supply or fountains of Versailles, to instruct the
dauphin or dissect an elephant, to conduct observations of an eclipse or to assist in
specific diplomatic occasions.

It fell, therefore, to the ministers in charge of the Academy to oversee its functioning.
They were the chief minister, Colbert; the minister of state and war, Louvois; and the
finance minister, Pontchartrain. In the name of the king and in consultation with
academicians, these three successively appointed members and fixed their annual pay,
proposed and approved research, admonished or praised academicians, arranged
publication of books at the royal press, and authorized expenditure on research and travel.

In fact, the academy benefited from the most generous scientific patronage of the
seventeenth century. From 1666 through 1699, more than two million livres were
disbursed on its infrastructure, research, and the pensions of the members, with
ministerial protectors using these funds to shape the program and image of the academy.

It was, above all, by naming academicians that the three ministers shaped the
company. The early absence of administrative protocol reflects Colbert’s dose ties to the
academicians he appointed and with whose cooperation he guided the company’s affairs.
Apart from designating Jean-Baptiste Du Hamel (1623-1706) as secretary, he informally
tested other categories of membership—student, external, corresponding, honorary—in
response to circumstances. To supplant Colbert’s posthumous authority, Louvois
appointed as his spokesmen in the academy new members who did not always represent
the interests of the other academicians. Pontchartrain, in turn, instituted the positions of
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president in 1691 and treasurer in 1696; he also guaranteed the succession to the
secretaryship in 1697 and ratified a formal institutional hierarchy in 1699. In the process,
he consolidated under the control of his nephew, the Abbé Jean-Paul Bignon (1662—
1743), not only the royal academies but also the Royal Library and publishing houses,
giving him sway over a considerable portion of French intellectual life.

The undisputed celebrities of the early academy were two foreign savants with
powerful families or patrons, international reputations, and technical expertise: the Dutch
mathematician Christiaan Huygens (1629-1695), who was entitled to 6,000 livres a year
from

An imagined visit of King Louis XIV to
the Académie. The observatory under
construction is visible through the
window. From Claude Perrault,
Mémoires pour servir a I’histoire
naturelle des animaux (1671).

1666 and Jean-Dominique Cassini (1625-1712), the Bolognese astronomer who entered
the company in 1669 with an annual pension of 9,000 livres. By attracting foreigners to
Paris, Colbert intended to rob other countries of their best talent to the benefit of France.
Colbert also appointed four gifted and well-connected French savants—the Huguenot
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alchemist Samuel Cottereau Duclos (d. 1685), the anatomist and architect Claude Perrault
(1613-1688), the physician and philosopher Marin Cureau de La Chambre (1596-1669),
and the mathematician Pierre de Carcavi (ca. 1603-1684)—uwith pensions of 2,000 livres.
Savants were appointed to the academy because of their associations in learned and
official circles; they, in turn, put their new affiliation to the advancement both of their
families and of knowledge. Once established, the academy gained new members more
cheaply, and after 1699 academicians tended to come from higher social ranks, in part
because the liberal professions were gaining in prestige.

The ambitious research agendas of Huygens, Cassini, Duclos, and Perrault shaped the
academy’s intellectual program in astronomy, chemistry, and natural history for several
decades. New members were expected to enlist in collective research projects and to
review the relevant notebooks and minutes. Thus, the institution instilled in its members a
corporate esprit and respect for its own role in the advancement of the sciences. That
process is reflected from the 1690s in the minutes, in which memoirs rehearse a history of
the problem to be solved and recount the accomplishments of earlier academicians. It was
realized more systematically by the annual history and memoirs edited after 1699 by
Bernard le Bovier de Fontenelle (1657-1757), made Permanent Secretary in 1697.

Surprisingly, given its influence and longevity, the early academy was small and
intimate, numbering between 20 and 34 members in any given year before 1699. Drawn
together by the apartments and research facilities available to them at the Royal Library
and the observatory, academicians not only met formally on Wednesdays and Saturdays,
but also rubbed shoulders daily at the dissection table and laboratory furnaces, over the
latest inventions and ingenious experiments, or at games of cards. But by the late 1680s,
academicians worked increasingly out of facilities at the Royal Botanical Gardens and
other Parisian establishments, and during the 1690s they found the academy’s own
meetings less congenial than the learned salons.

Although the academy’s mission—to advance knowledge and serve the king—
necessitated publication, discretion governed its formative years. In the 1660s, members
referred simply to “the Company that meets in the Royal Library” and pledged not to
divulge its activities to outsiders, except with the permission of the company; they issued
early anatomical and astronomical findings anonymously, in pamphlets and in articles to
the Journal des scavans. But in 1671 Perrault and Jean Picard (1620-1682) inaugurated a
series whose large format and lavish illustrations were the envy of the learned world.
That series encompassed a comparative anatomy of exotic animals from the Versailles
menagerie, mathematical treatises, and natural history of rare plants, as well as a report
on the measurement of the earth. Besides collective works identified as the product of the
entire academy, academicians published under their own names treatises based on
research conducted at, or presented to, the academy.

In their research and publications, members espoused the credo of the Scientific
Revolution. They preferred experiment over discourse, vaunted communal investigation
as the path to scientific progress, and affirmed that learning transcended geopolitical
boundaries. They claimed that their discoveries would not only advance understanding of
nature, but also serve industry, commerce, medicine, and public health. Although
academicians were disinclined to theorize collectively, the rectification of Cartesian
natural philosophy formed an important, if implicit, agenda in much of their work.



Encyclopedia of the scientific revolution 4

The academy may be understood as being composed of three learned companies. To
that of mathematicians and geometers, established at the Royal Library by the spring or
summer of 1666, was added another company of chemists, anatomists, botanists, and
natural philosophers in December 1666. In 1699 three members of a company of arts and
crafts that had, since 1691, operated out of Jean-Paul Bignon’s house joined the academy;
that merger formalized the institution’s responsibility to reform technology and industry
as well as mathematics and the sciences. While an academician was expected to work
primarily within one of these companies, a defining characteristic of the early academy is
that its members were polymaths whose research spanned several disciplines.

From the start, Colbert and his academicians underscored astronomy and its practical
applications. Besides improving the instruments and techniques of positional astronomy,
Adrien Auzout (1622-1691), Jacques Buot (d. ca. 1678), Picard, Cassini, and Huygens
took the measure of the heavens and of the earth. The voyage of Jean Richer (1630-1696)
to Cayenne in 1672, designed to test Huygens’s clocks, called into question whether the
earth was perfectly spherical. Systematic observations of the satellites of Jupiter
prompted the announcement in 1676 by Ole Romer (1644-1710) of the finite propagation
of light, which, in turn, confirmed Huygens’s views about the nature and finite speed of
light (1678, 1690). Building on Huygens’s previous studies of Saturn, Cassini identified
four additional satellites (1671, 1672, 1684) and perceived that the planet was circled by
two rings, thereby confirming its variable aspect (1675). During the 1670s he mapped the
Moon, and from 1694 his nephew Giacomo Filippo Maraldi (1665-1729) mapped the
fixed stars. Taken together, the academy’s astronomical work bolstered heliocentricity
while calling into question certain Cartesian assumptions about light, magnetism, and the
shape of the earth. But academicians disagreed in their interpretations, with Cassini and
Huygens at the head of opposing camps.

These astronomical researches served the practical interests of the state, particularly in
the domains of longitude, cartography, and hydrography. By attracting Huygens and
Cassini to the academy, Colbert had effectively monopolized for France the best
practitioners of the two most promising methods—time-telling by the pendulum clock or
the satellites of Jupiter—then known for determining longitude at sea; their expertise also
put the academy in a position to unmask false solutions. On Colbert’s instructions,
academicians also began in 1668 a comprehensive survey of France, starting with the tax
district around Paris and extending the meridian from the observatory north and south of
Paris. By 1681 they could challenge traditional maps of the kingdom, and in 1693 their
coastal surveys appeared in an atlas called Le Neptune Francois (The French Neptune).
Eclipse observations at the observatory and around the world established longitudes of
provincial and foreign cities for a world map recorded on the observatory floor, with the
academy supplying telescope lenses to its provincial collaborators. In carrying out these
practical projects, the academy trained young mathematicians who later served the Crown
as engineers or geographers.

Colbert quickly established the practice of demanding technical counsel from the
academy. Besides his concern for longitude and cartography, he asked academicians to
study theoretical and applied mechanics; the models of machines collected in that
investigation were displayed to the public at the observatory from the 1680s, serving, in
part, as a historical museum of military technology. Under both Colbert and Louvois,
academicians applied their surveying skills to planning the aqueducts and fountains for
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Versailles. In addition, Duclos advised on methods of assaying for gold and silver in
American mines, and several academicians tested inventions destined for use by the
king’s armies. Such chauvinist inquiries corresponded to the competitive spirit of the
academy’s foundation by Colbert, who was determined that his French company should
outshine those of London and Florence. Academicians shared these chauvinistic
sentiments despite their pride in belonging to the international republic of letters.

Academicians turned their studies of comparative anatomy to understanding
physiological processes. Perrault related the structure of feathers to the mechanics of
flight and debunked time-honored myths about salamanders, pelicans, and chameleons,
but he emphasized the organs of the sensory, digestive, respiratory, and circulatory
systems (1671, 1676). The organs of sense drew the attention of Edmé Mariotte (ca,
1620-1684), Jean Pecquet (1622-1674), and Joseph-Guichard Duverney (1648-1730).
Academicians experimented controversially with blood transfusion in 1667, and during
the 1680s and 1690s Duverney and Jean Méry (1645-1722) debated the movement of the
blood in the fetus. But academicians did not investigate animalcules, even though
Huygens communicated a letter from Antoni van Leeuwenhoek (1632-1723) in 1678 and
displayed animalcules to his astonished colleagues with a bead-glass microscope
designed by Nicolas Hartsoeker (1656-1725), who in 1687 went on to explain the
implications of animal-cules for theories of generation. As a rule, academicians were
inspired by an experimental model based on the work of William Harvey (1578-1657),
while drawing on chemical processes and Cartesian mechanism for their explanatory
hypotheses.

To study plants, academicians employed both traditional and innovative approaches.
The natural-history group appropriated the artists of the Jardin Royal (Royal Botanical
Gardens) and the late duke of Orléans, yet set new standards for botanical illustration.
Stimulated by theories about the circulation of the blood, academicians investigated the
rise and descent of sap: in studies that bear little resemblance to English and Italian
models, Mariotte and Perrault developed experimental evidence for the existence of two
saps (1668), combining mechanistic with chemical explanations to account for the rise of
sap above 32 feet, while Philippe de La Hire (1640-1718) searched experimentally and
microscopically for valves in vegetable vessels (1690). La Hire and Picard used
Hartsoeker’s microscope to compare plant pollens (1678). At the same time,
academicians continued to seek the medical implications of their plant studies. Denis
Dodart (1634-1707), for example, established that ergot was the cause of the
hallucinatory and gangrenous malady known as Saint Anthony’s Fire, and he published
his findings in the Journal des scavans (1676) with recommendations for safeguarding
public health.

Chemistry was at once an ancillary and a natural-philosophical study for
academicians. Duclos evoked Helmontian and Neoplatonist traditions that embarrassed
colleagues who nonetheless admired his analyses of French mineral waters (1675). The
laboratory Duclos established for the academy at the Royal Library was in use 24 hours a
day from 1669; in it, Claude Bourdelin (1621-1699) examined the chemical constituents
of organic matter. Although Bourdelin’s work did not advance the academy’s natural
history of plants as intended, it served Dodart’s studies of nutrition, digestion, and
transpiration. Guillaume Homberg (1652-1715), remembered for studying acids and
alkalis, drew on Bourdelin’s analyses to explain the food chain. In general, academicians
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combined chemical and corpuscularian philosophies to explain physiological processes or
matter itself.

The company’s conspicuous experimentalism has concealed the theoretical
preoccupations that shaped its program. Surviving minutes, laboratory records, dissection
notes, and drafts of books have a positivist tone that camouflages the controversial
implications of the academy’s work. But from the 1660s the academy constituted a forum
within which Cartesian physics could be discreetly tested and modified. When
academicians discussed cohesion, the causes of the weight of the air, and the implications
of the air pump during the 1660s, or when they debated motion, light, magnetism, and the
impact of bodies in the 1670s, they rarely referred to Descartes by name. Nonetheless, his
theories were at issue. At the forefront of the academy’s efforts to correct Cartesian
natural philosophy was Huygens, whose influence continued to be felt well after his
death. In the opposite camp were Cassini, Mariotte, and Gilles Personne de Roberval
(1602-1675).

Thanks, in part, to its prestige and publications, the academy shaped scientific inquiry
even by non-academicians from its earliest years. Aspirants to membership submitted
their findings and inventions to the academy’s scrutiny; visitors observed or contributed
to meetings, learned from watching dissections, and consulted individual academicians.
Cassini instructed provincial astronomers by correspondence, and naturalists reported
from the Americas, Europe, and the Mediterranean. Significantly, academicians were
among the first to champion the Leibnizian calculus, thanks to the Marquis de L’Hospital
(1661-1704) and Pierre Varignon (1654-1722).

In its structure and work, the academy celebrated the collective, experimental, and
utilitarian ideals of the time. The results impressed contemporaries and influenced
subsequent scientific thought. Even those discoveries rightfully recalled as the
accomplishment of specific members are indebted to the institution itself. With its
extensive quarters and excellent equipment, the academy functioned as a laboratory for
the research, individual or collective, of members. Moreover, because the twice weekly
meetings were an obligatory forum for examining evidence or debating arguments,
academicians not only refereed each other’s work, but also followed a broad spectrum of
scientific inquiry. Academicians learned from one another, formally and informally. It
was thanks to Huygens that Perrault embraced Cartesian mechanism, Mariotte read
Galileo Galilei (1564-1642), and Gottfried Wilhelm Leibniz (1646-1716) discovered
Blaise Pascal (1623-1662). Indeed, Mariotte’s treatise on the impact of bodies (1673)
reflected both his own and the experiments and reasoning of his colleagues, as Huygens
was to recall bitterly in 1690.

In sum, the academy quickly became an arbiter of scientific data and theories. It also
forged lasting links between science and the state. Academicians repaid generous
patronage in the currency of discovery and invention, practical accomplishments, and
methodological advice. While brandishing experimental method and contributions to
positive science, academicians also explored competing theories about the nature of the
world, testing in particular the claims and limits of Cartesian mechanism.
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Academies

The birth of scientific academies in seventeenth-century Europe was part of the process
of transition toward a new culture. Aristotelian science and the old methodology that
assumed the existence of universal truths by which the processes of nature could be
explained had come under persistent questioning. The truth, no longer a given, was
coming to be thought of as capable of being continually transformed, revised, and
corrected. Descriptions and explanations of natural phenomena emerged from novel
researches and were communicated and popularized in order to be discussed and verified.
This new and different mode in the investigation of nature constituted a revision in the
practice of natural philosophy. The result was that, during the seventeenth century, a
growing exchange of information created extraordinary networks, thanks to which there
was a continual discourse between natural philosophers and interested amateurs,
enthusiasts and politicians, and laymen and clerics throughout Europe.

While a number of societies for the discussion of literary, philosophical, or theological
issues had been organized during the Renaissance, it was primarily in the seventeenth
century that formal organizations devoted to the study and promotion of natural
philosophy came into being. Some were inspired by the urgings of those like Francis
Bacon (1561-1626) and Johann Valentin Andreae (1586-1654) that natural philosophy
and the arts could best be promoted by organized collaborative efforts. Others were
founded in emulation of existing societies or for reasons of national or local prestige.

Discussions of issues in natural philosophy or the related arts took place not only
during personal meetings, but also, and above all, through a whole series of letters,
reports and diaries of scientific travels, notes on lessons, and comments on cultural and
social events. While international communication was most frequently in Latin, there was
a marked and growing tendency for the publications of the societies to be in the
vernaculars and in a simple, easily understandable prose. This diffusion of knowledge
had significant effects on subsequent cultural, political, and social institutions. In this
lively intellectual movement, the academies provided a means of uniting men with
common interests in the comparison of hypotheses, the verification of phenomena, and
the close examination of printed works.

The development of the academies was an international phenomenon. Between the
seventeenth and nineteenth centuries, their diffusion was so great that almost every
country claimed at least one academy, “royal” or otherwise, and some had several in
different provincial towns. At the same time, every institution was unique, as the nature
of the academies varied according to their predominant scientific interests. Groups
emerged that privileged one discipline or another and gave their attention to instruments
for scientific research. The differences among the academies depended also upon the
degree of their submission to the Court or the patron who made their work possible and
who sometimes determined their choices. Some were self-financed; others managed
without financial resources at all. They differed, too, in the ties each of them had with its
civil community. Every institution emphasized its uniqueness, with investigative themes
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of particular interest to its members. The participants in the discussions and work became
more and more “professional,” more and more “specialized” in the subjects and
techniques examined. Those involved in the meetings and work groups of the academies
prepared experiments and tested various hypotheses, thus participating in the
development and transformation of the various scientific disciplines. New instruments for
research were invented, and the research itself often led either to the creation of still more
apparatus or to the perfecting of existing instruments.

The “experimenters,” as many of the members of the societies termed themselves,
became innovators within innovative research and activity programs, and they, often very
young, received an important contribution to their vocational training from the
academies. They matured within the discussions on the disciplines and in their diffusion
and definition. The academies also had a larger public function. They shared their
experiences, compared their results, and debated scientific problems that were being
discussed by intellectuals and were the focus of many a conversation in salons throughout
Europe. Some of the academies published the results of individual research; thus, the
scientific patrimony of a few specialists became common wealth accessible to everyone.

The situation and development of the academies differed from country to country. The
origin of the academies in Italy has been explained as an intellectual movement outside
the university and as an answer to the progressive loss of reference points due to the
political, social, and cultural transformation of the country. In Italy, the academies were
numerous, but none were organizationally or intellectually as strong as the French or the
English, and most of them were decidedly short-lived. Among the most important Italian
scientific academies were the Accademia dei Lincei and the Accademia del Cimento. The
Lincei was founded in Rome in 1603 by Federico Cesi (1585-1630), a wealthy
nobleman. A number of scientists took part in its activities, notably Galileo Galilei
(1564-1642), and it was there that Galileo presented his occhiale and his occhialino,
which the academicians would rename, respectively, the telescope and the microscope.
The Accademia dei Lincei was active for few years but could not survive the death of
Cesi in 1630 and the condemnation of Galileo in 1633. The Accademia del Cimento was
founded in Florence in 1657. It had neither statutes nor official members; rather, it was
under the rule and protection of the grand duke Ferdinand Il de’ Medici, and his brother,
Prince, later Cardinal, Leopold. Its seat was the Pitti Palace. During the ten years of its
activity (1657-1667), its members performed experiments on heat, on the density and
non-compressibility of fluids, and on atmospheric pressure. Many of these experiments
were published as Saggi di naturali esperienze (Trials of Natural Experiments, 1667).
The introduction, written by the secretary Lorenzo Magalotti (1637-1712), was revised
with great care by the grand duke himself.

In England, the Royal Society for the Promotion of Natural Knowledge, chartered by
the Crown in 1662, was born out of the common interest held by a number of scientists in
experimental science. Among its founding members were some who earlier had been
associated with the Oxford Philosophical Society and a few who had met informally each
week after lectures at Gresham College in London, the site of the meetings of the society
for a few decades after its founding. It had a charter, providing for a president, a council,
and officers, with a single paid position, curator of experiments, held by Robert Hooke
(1635-1702). The society was financed by the dues of its members. Its membership,
larger than that of any other academy, was self-selected and included not only a number
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of the leading natural philosophers of the Scientific Revolution, including Isaac Newton
(1642-1727), but also not a few individuals chosen for reasons of prestige or for their
social or political connections. The secretary of the society, Henry Oldenburg (ca. 1618-
1677), undertook the publication of a journal, the Philosophical Transactions, reflecting
the society’s interests and activities, as a private venture, but it was taken over by the
society itself upon Oldenburg’s death.

In France, several informal associations to discuss literary, political, and scientific
matters were organized under the patronage of various individuals. Under the leadership
of Marin Mersenne (1588-1648), a Minim friar, however, a group meeting periodically at
the house of his order devoted itself expressly to natural philosophy and mathematics.
Upon his death, the center of weekly discussions of topics in natural philosophy as well
as medicine and the liberal arts became the home of Habert de Montmor (ca. 1600-1679),
presided over by Pierre Gassendi (1592-1655). It established a formal constitution as the
Montmor Academy in 1657 and, after the founding of the Royal Society, kept in close
touch with its activities.

Some of the academy’s members were instrumental in persuading Louis XIV’s chief
minister, Colbert, to establish the Académie Royale des Sciences, which began its regular
meetings in Paris in December 1666. Many scientists and scholars from different fields of
study took part in the academy’s work sessions, and they regularly wrote reports on their
meetings and on the discussions and experiments. The Académie had neither statutes nor
rules until 1699. In fact, it worked under the direct authority of the royal ministers, first
of all Colbert. These ministers played a very important role in the election of the
academicians, in providing financial resources, and also in the scientific choices. From
1699 on, however, the Académie was guided by precise regulations that would remain in
place until the French Revolution (1789). Several classes of members were created, with
different salary levels. The work of its members and others was initially published in the
Journal des scavans. The role of the Parisian academy was important, in particular in the
eighteenth century for the diffusion of Newtonianism throughout Europe and for the
renewal of the monarchy and of the state.

The academies of the German states were less important than those of England,
France, or Italy in the seventeenth century, and most were short-lived. In 1651, however,
the Collegium Naturae Curiosum, a society of physicians, was founded in Schweinfurt to
hear papers on innovative work in medicine. A few years later, the society began to
publish its Miscellanea curiosa, which, along with articles on medicine, also included
some on related fields, such as botany, anatomy, and chemistry. It obtained imperial
patronage after 1677. The Collegium Curiosum sive Experimentale was founded in 1672
in Altdorf by Johann Christoph Sturm (1635-1703), a talented experimenter and
professor at the University of Altdorf, who was influenced by the example of the
Accademia del Cimento. The society published two volumes describing its experiments.
In 1700, the example set by the Académie Royale des Sciences led Gottfried Wilhelm
Leibniz (1646-1716) to undertake the establishment of an academy in Berlin. A number
of academies with royal or princely patronage were similarly founded in the eighteenth
century.
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Accademia dei Lincel

The Academy of Lynxes was founded in Rome by Federico Cesi (1585-1630), later
Prince Cesi, who hailed from a rich and noble family. Cesi was deeply involved in
scientific debate and was extremely interested in exploring and uncovering the
mechanisms regulating the natural world. He was, however, also firmly convinced that
such a task could not be realized alone but, rather, necessitated a close collaboration
among scholars through the creation of an authentic scientific community.

He joined forces with three young scholars not much older than himself and in 1603
formed a society that had as its symbol the lynx, which is no longer found in Italy but at
that time was common. The symbolic animal was accompanied by the motto Sagacius
ista, referring to its perceived attribute of extremely acute eyesight; the eyesight to which
Cesi alluded was not only corporeal but intellectual, capable of penetrating phenomena to
their core and of discovering their causes and effects. Cesi’s three companions were the
poet and scholar Francesco Stelluti (1577-1652), the Dutch doctor Joannes van Heeck
(1577-post-1618), and Anastasio de Filiis (1577-1608). The aim of the academy was
announced in the Lynceographum, probably begun around 1605, which constituted the
programmatic statutes of the academy. The text established the regulations for the
admission of new members and, above all, sanctioned the commitment of the academy’s
members to cultivate the scientific disciplines, to lead a life devoted to study, to work
always in collaboration with others, and to make known the results of research.

The academy’s first years of activity would prove difficult. At first the studies were
carried out in great secrecy, provoking a reaction by Cesi’s father, who launched a fierce
persecution, above all of Heeck, who was suspected of heresy and was compelled to
emigrate. Stelluti and de Filiis also returned to their native places. Federico Cesi was sent
to Naples, and he used the occasion to get to know the philosophers and naturalists of that
city. He met, among others, Giambattista della Porta (1535-1615) and Ferrante Imperato
(1550-1625), who had his own museum, rich with natural-history specimens, scientific
instruments, and books. Cesi laid the foundations for relationships of friendship and
collaboration that would allow for the enlistment of some illustrious new Neapolitan
members.

After 1609, activities were resumed thanks to the acquisition of family property,
which permitted Cesi to finance the academy. New members joined its founders: in 1610,
Giambattista della Porta; in 1611, Galileo Galilei (1564-1642) and then Johann Schmidt
(Joannes Faber, 1574-1629), a doctor at the Hospital of Santo Spirito in Rome, who
would become the secretary of the academy; Fabio Colonna, a botanist from Naples;
Cassiano dal Pozzo, a Piedmontese collector; and Johann Schreck (1576-1630), later
known as Giovanni Terrentius, who would become a famous missionary in China, where
he would play a prominent role in science. The participation of Galileo in the academy is
particularly important. The scientist had already constructed his occhiale, which the
Linceans would then baptize telescopio. Galileo would also, in 1624, offer Cesi his
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occhialino, which he had constructed in 1612. Upon the suggestion of Faber, the
instrument, which enlarged minute bodies, would be renamed microscopio.

These two instruments, fundamental to research, were perfected in the milieu of the
society, other models were made, and, above all, these instruments were applied to the
study of both the cosmos and the microcosmos. New branches and sources of knowledge
in astronomy and the biological and medical sciences were born. In 1625 Stelluti
published the first microscopic observations of bees, with engravings by Mathdus
Greuter.

The attention that Cesi hoped to draw to scientific research and the importance he
gave it found full confirmation in the Galilean instruments and the kind of research
Galileo conducted; he refused to acknowledge the authority of Aristotle (384-322
B.C.E.) and proudly affirmed the autonomy of thought and of free research. This is the
importance of the academy itself, as a place independent even of the university, where
respect for the “masters” reigned and where the ultimate aim was not so much the studies
themselves as the attainment of practical benefits. The Accademia dei Lincei represented
an association dedicated to freedom of research; in this spirit it sustained Galileo in his
defense of the Copernican theory.

After the condemnation of Copernicanism in 1616, the death of Cesi in 1630, and the
definitive condemnation of Galileo in 1633, the academy ceased its activities, and the
library and documents were dispersed, though some books were acquired by Cassiano del
Pozzo, a Lincean scholar from 1622 on, who also secured the findings of the museum
collected by Cesi, consisting of minerals, scientific instruments, artistic objects, and
much else.

It was not until later in the seventeenth and eighteenth centuries that there were
attempts to resurrect the academy. These attempts would finally prove fruitful in 1874,
after the unification of Italy, when it was reconstituted under the name of Reale
Accademia dei Lincei, later modified in 1944 to the present-day Accademia Nazionale
dei Lincei.
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Accademia del Cimento

The Academy of Experiment drew its name from cimentare, (assay), a term characteristic
of the art of working metals, and was active in Florence from 1657 to 1667. It was a sort
of scientific society with neither members nor statutes, protected by Grand Duke
Ferdinand 11 de’Medici and by his brother, Prince, subsequently Cardinal, Leopold.

Numerous scientists and simple enthusiasts, some of whom had been followers or
students of Galileo Galilei (1564-1642), took part in the academy’s activities. Among
them was the Neapolitan Giovanni Alfonso Borelli (1608-1679), who had been a pupil of
Benedetto Castelli (1578-1643) in Rome. Borelli carried out numerous scientific
missions for the grand duke and was one of the academy’s most attentive observers and
experimenters. He left Tuscany for Messina in 1665 and finally went to Rome, where he
would the. Other academics included Carlo Rinaldini (1615-1679), professor of
philosophy at the University of Pisa; and Antonio Oliva (1624-1691).

The Florentine Vincenzo Viviani (1622-1703) became so skilled at mathematics that
the grand duke presented him with a monthly subsidy and recommended him to Galileo.
Taken in by the renowned scholar in 1639, Viviani would remain with Galileo until his
death in 1642. After the death of Evangelista Torricelli (1608-1647), Viviani would
succeed him as the grand duke’s mathematician and was often called upon to assume the
role of engineer and consultant for various projects. He was admitted to the Accademia
del Cimento at Leopold’s request. King Louis XIV of France gave him a substantial
pension and named him one of the eight foreign members of the Académie Royale des
Sciences at Paris. Viviani wrote on geometry in numerous celebrated and widely read
works. He would have liked to publish a complete edition of Galileo’s works, which
would have included the banned Dialogue Concerning the Two Chief World Systems
(1632) but was, unfortunately, unable to do so.

Lorenzo Magalotti (1637-1712) was the academy’s secretary and edited the Saggi di
naturali esperienze (Trials of Natural Experiments, 1667). He had a good knowledge of
the science of his day, was a courtier, widely traveled, and a high-ranking diplomat. The
academy’s seat was in the Pitti Palace and made use of a fornace da bicchieri (glass
furnace) situated in the adjacent Boboli Gardens. Its motto was “Try and try again,” by
which was meant successive testing and attempts to verify experimental results. Its seal
bore the image of a furnace for assaying metals, an appropriate image, as the experiments
conducted were concerned primarily with heat.

The Torricellian “barometric” experiment was repeated. It involved placing an
unsealed tube containing mercury inside a container. The difference in the height of the
liquid due to atmospheric pressure and the vacuum it created within the tube led to
experiments on the effects of the liquid’s level within a sealed tube, in which the height
of the liquid would depend exclusively on temperature and no longer on pressure. These
experiments were the basis for the Florentine thermometer, an instrument made of a ball
of glass and a tube sealed alla fiamma (with a flame). The gradations were marked on the
tube with small black dots of enamel for each degree, a white mark for every ten, and a
blue one for every hundred degrees. Some experiments were done before the work at the
academy itself began; Prince Leopold dedicated himself to thermometry, designing the
so-called termometri infingardi (lazy thermometers), tubes filled with alcohol and
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containing floating glass balls of diverse densities. Varying the heat, the alcohol varied in
volume, causing different balls to begin to descend slowly at different temperatures. He
also attempted experiments in incubation in the Boboli Gardens, trying to hatch eggs at
different temperatures without the use of chickens.

The academy’s members oversaw the construction of equipment to be used for the
experiments—glass instruments designed by them and made by glass-blowers (gonfia)
commissioned by the grand dukes for the creation of china, glasses, and goblets. Among
the instruments produced were long-stemmed and spiral thermometers and densimeters
called palle d’oncia (ounce balls).

The scientists followed the movements of the Court and the will of the prince, so that
the academy’s ten-year life span did not amount to ten years of work. There were long
pauses and moves to other cities. For example, in January 1658 experiments on the
agghiacciamenti, or freezing of water with varying levels of salt content, were done on
the coast of Livorno, where the scholars had been led by the Court. The year 1667
brought the publication of Saggi di naturali esperienze, which constituted the official
presentation of the research that had been undertaken. The experiments were rigorously
selected,
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and only the most spectacular ones were presented with the instruments that had been
used. There was no trace of the astronomical research present in the diaries and
manuscripts of the academy, nor of those experiments considered less significant. The
secretary’s draft underwent numerous revisions and a veritable censure by the prince to
guarantee the absence of words considered “dangerous” or not consistent with the
political or religious requirements of the period. Copies of the Saggi were sent
everywhere, often accompanied by the very precise “Florentine” thermometer, the new
pride of the grand duke.

The academy’s activities came to an end in 1667; Leopold had become a cardinal,
there was bad blood among the scientists, and in reality the Florentine academy never
reached the levels of other European scientific societies, nor their autonomy or
achievements in scientific research. It never had statutes or members: it continued its
irregular activities as a palace society. The results of the method of research it adopted,
although influenced by Galilean experimentation, underwent censorship imposed by the
difficult situation created by the condemnation of the heliocentric theory and the trial of
Galileo.

The scientists who in some way played a role in the academy’s activities had
researches of their own, which did not fall expressly within the life of the academy itself.
We must, therefore, seek to trace the life of the academy not through its official
documents but within the dense correspondence that the scientists maintained among
themselves and with colleagues in other countries. There one can find the scientific
exchanges worthy of a great and active community of scholars. But they were, after all,
private exchanges that went beyond the princely control and the censorship imposed both
on that kind of experience and on the scientific conclusions that could be drawn from it.
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Acosta, José de (ca. 1540-1600)

A Spanish Jesuit (possibly a Jewish convert), he served as a missionary in Peru (1572—
1586). He attempted to “explain the causes and reasons” of “the works of nature.” The
presence in the New World of men and animals unknown to the ancients was a source of
wonder, contradicting, as it did, biblical teachings about Adam and the Ark. He
concluded that men had reached the New World on foot, walking from the Old World to
the New by way of a northern connection between the two. European animals, some of
them dangerous, also could have walked, but animals known only from the New World
presented a puzzle that he never resolved. To say that European and New World animals
were the same, was, he said, to call “an egg a chest-nut.” New World plants posed no
such difficulty because plants were not included in the Ark. According to Aristotle (384—
322 B.C.E.), the leading ancient authority, only part of the earth was habitable, tropical
regions being too hot and dry, as they were burnt by the Sun, and northern regions too
cold. Acosta was surprised to find that the tropical climate was both temperate and
humid. He explained such inconsistencies by saying that things sometimes worked one
way and sometimes another, depending on the circumstances, thus saving many
Avristotelian principles. He also discussed winds and tides; the magnetic compass; the
mining of gold, silver, and mercury; the rivers; the skies; and the comet of 1577.
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Acoustics

First became clearly identified as a distinct branch of physics in the seventeenth century.
Francis Bacon (1561-1626) proposed that the “Acoustique Art” should embrace both the
investigation of the nature and causes of sound (speculative natural philosophy) and the
practical harnessing of its effects (operative natural magic). The broad program of
experimental inquiry he sketched out in the New Atlantis (1627) and Sylva sylvarum
(1627) proved a compelling model for later natural philosophers. In England the first
documented use of the term “acoustics” was by Narcissus Marsh in 1684, while in France
Joseph Sauveur (1653-1716) first proposed a new science of acoustique in 1701.

Sound as the object of hearing had always constituted a part of Aristotelian physics.
Within the Scholastic system, however, music was generally classified as a mathematical
discipline addressing the arithmetic of pitch relationships. What revolutionized traditional
understandings and contributed to the mathematization of physics was the discovery that
the numerical ratios that had characterized musical intervals since Pythagoras (fl. sixth
century B.C.E.) corresponded to frequencies of vibration. This insight was first clearly
articulated in Galileo Galilei’s (1564-1642) Two New Sciences (1638).

The earliest significant contribution to the development of acoustics was made by
Marin Mersenne (1588-1648) in his Harmonie universelle (1636). By rigorous
experimental observation, he established the relationship between the physical variables
determining the frequency of a vibrating string and expressed them as mathematical laws.
This success led natural philosophers to look for similar laws in optics and other areas of
mechanics. Mersenne investigated many other properties of sound, and his work was
fundamental to all later developments in acoustics.

Throughout the Scientific Revolution, a twofold approach to acoustics is discernable.
The first was a mathematical, analytical approach exemplified by Isaac Newton’s (1642—
1727) determination of the speed of sound in the Principia (1687), Robert Hooke (1635-
1702) and Christiaan Huygens (1629-1695) on absolute frequency, and John Wallis
(1616-1703) and Francis Robartes (1650-1718) on overtones.

The second was a more “Baconian” approach concerned with collecting data on
unusual aural phenomena in nature or those produced by instruments. This is exemplified
by the acoustical interests of the Accademia del Cimento in Florence, the Royal Society
of London, and the Académie Royale des Sciences in Paris. International collaboration
from both of these perspectives underpinned Joseph Sauveur’s (1653-1716) work on
modes of vibration, which, in turn, set the stage for Leonhard Euler’s (1707-1783)
achievements in the eighteenth century.
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Acta eruditorum

Literally Records of the Learned, the Acta was a journal published in Latin in the German
city of Leipzig from 1682 until 1782. Consciously modeled on the Journal des s¢avans
and the Philosophical Transactions of the Royal Society, it sought to make international
works available to a German audience and to spread the reputation of German learning
abroad by publishing reviews of important books from all of Europe. Such reviews were
meant to enable the man of universal learning (the polyhistor) to keep up with the
exponential increase in published works. The first editor, Leipzig Professor of Ethics and
Politics Otto Mencke (1644-1707), used a wide network of contacts throughout Europe
to acquire important books, which were reviewed primarily by northern German scholars,
the Collectores. Although he and the Collectores were all Protestants, Mencke
strenuously sought to present the works of authors of all denominations fairly and to
avoid acrimonious debate. Although the Acta published primarily reviews (89 percent of
the total content, according to a survey of 1682-1706 volumes, of which only 30 percent
were on scientific subjects), Mencke consciously tried to raise the prestige of the journal
by publishing articles on mathematics and natural philosophy (7 percent of the total
content, of which 85 percent were on science in the broadest sense). This
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heavy emphasis on science was also apparent in articles translated from foreign journals
and reprinted in the journal (3.7 percent of the total, 96 percent on science).

Foremost among the journals contributors was Gottfried Wilhelm Leibniz (1646-
1716), who contributed a piece almost every year until his death. In an essay of October
1684, he presented for the first time the fundamentals of his differential calculus,
although it remained for a time misunderstood. Leibniz continued to develop
infinitesimal calculus in further issues of the Acta. This close connection with Leibniz
discouraged Isaac Newton (1642-1727)and his English colleagues from publishing in the
Acta, although the journal published an accurate and influential early review of Newton’s
Principia (1687) that appreciated the achievement of Newton’s work. Other contributors
included the elder Johann (1667-1748) and Jakob (1654-1705) Bernoulli, Niklaus and
Daniel Bernoulli, Francois de I’Hépital, Walter von Tschirnhaus, Christiaan Huygens
(1629-1695), and Christian Wolff.

After Mencke’s death, the editorship was assumed by his son Johann Burckhard, then,
in turn, by Burck-hard’s son Friedrich Otto, and finally by Andreas Bel. The standard and
prestige of the journal declined over time, and the Acta folded with the publication of the
1776 issue considerably behind schedule in 1782. By then its role had been supplanted by
the specialized scientific and academic periodical.
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Active Principles

From ancient times through the Scientific Revolution, there was a debate among natural
philosophers about the nature of matter. Formalists, such as Plato (428-348 B.C.E.) and
Avristotle (384-322 B.C.E.), conceived of matter as passive; therefore, it required an
actualizing principle or form, either internal or external, to shape it. Materialists, such as
Democritos (ca. 460-370 B.C.E.), Epicuros of Samos (341-270 B.C.E.), and Lucretius
(ca. 95-55 B.C.E.), taught that the motion of atoms was sufficient to produce natural
phenomena.

Alchemical thought tended to follow formalism and involved active principles as
shapers of chaotic matter. In alchemy, these principles were often described in terms of
male and female. When brought into perfect balance, the male and female principles
produced the Philosopher’s Stone, which could both transmute base metals and heal
sickness. Theophrastus Bombastus von Hohenheim (Paracelsus) (ca. 1493-1541) built an
elaborate chemical theory using active agents he called semina (seeds) and archei
(artificers) that informed chaotic matter. Paracelsus’s noted follower and systematizer
Petrus Severinus (1542-1602) explained that semina were the fundamental immaterial
principles from which bodies arise and to which they return. Robert Fludd (1574-1637),
an English chemical physician, spoke of the Kabbalistic ruach Elohim (spirit of God) as
the primary active principle, which worked through rarefaction and condensation. The
Dutch chemical philosopher Johannes Baptista van Helmont (1579-1644) developed the
semina doctrine and worked out experimental proofs for the existence of such active
principles. He attributed the creation of the world to semina working on the primordial
waters of Genesis. This creative action continued in biological activities, such as the
growth of plants, in which water is transformed into plant matter by semina.

The reemphasis on atomism and the development of Cartesianism in the sixteenth and
seventeenth centuries gave rise to the mechanical philosophy, which posited that the
motion of matter alone accounted for natural phenomena. René Descartes (1596-1650)
taught that the motion imparted to matter by God was sufficient to explain all
phenomena. The antipodal approaches to matter represented by the chemical philosophy
and mechanism provided a framework for more syncretistic views of matter and active
principles. Robert Boyle (1627-1691) was an atomist, or corpuscularian, with
mechanistic leanings, yet he also invoked Helmontian semina as the active principles that
transformed the waters of Genesis into the physical world through the action of the ruach
Elohim. He reported hydroponic experiments that showed semina at work in plant
growth. Semina were essential to his corpuscularianism.

Isaac Newton (1642-1727) was a quasi-Cartesian mechanist. He accepted that matter
in motion largely accounted for physical reality. He agreed, however, with the
Neoplatonist Henry More (1614-1687) that motion alone was an insufficient explanation
of nature. Gravity, for example, was the active force on which all “great motions
depended.” Newton also shared Boyle’s Helmontian corpuscularianism. Newton’s
limited, but crucial, use of active principles was deeply disturbing to Gottfried Wilhelm
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Leibniz (1646-1716). Leibniz believed that passive matter was merely a manifestation of
what was ultimately active force. His monads were active principles, each of which
reflected the entire universe from its perspective. He thought that Newton was irrational
and misplaced in his halfway position. Leibniz’s mathematical active principles, which
were the basis of matter, differed considerably from the semina of the chemists, which
worked on passive matter. Whatever the theoretical context, the disagreement about the
sufficiency of matter in motion or the necessity of active principles to account for nature
was a major issue in early-modern science.
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Aerostatics.

See Pneumatics

Agricola, Georgius (1494-1555)

Nicknamed the Saxon Pliny, he was primarily a humanist scholar concerned with
reviving and extending ancient learning through direct observations of life, places, and
things without reference to hidden meanings. A flourishing school teaching career in
Zwickau was cut short in 1522 after his reform-minded Catholicism clashed with the
views of radical Protestants. He switched briefly to theology and then medicine, soon
joining the team in Venice preparing Latin translations of the works of Galen (second
century) and Hippocrates. His interest in minerals and their medical applications whetted,
he visited mining districts in the Austrian Alps before settling in ore-rich areas of
Bohemia and Saxony as town physician at Joachimsthal and later Chemnitz. Agricola’s
plan to annotate the works of Dioscorides and Galen expanded to elucidate everything
about minerals, German mines, and metalworking in the light of the body of knowledge
also found in other authorities, such as Pliny and Theophrastus. In particular, their
scientific terminology needed to be clarified and standardized, and Agricola’s major
works featured glossaries listing Latin and Greek terms with German equivalents.

Agricola’s first scientific work, Bermannus, published in 1530, is a dialogue between
a mining expert, named
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An illustration from Agricola’s De re
metallica (1556) showing three stages
in the digging of shafts to create a
mining tunnel.

after Lorenz Berman (d.1532), one of his mentors, and two physicians, one
knowledgeable about Greek and Roman sources and one familiar with Arabic sources.
Mines and remote places were frightening or in disrepute, but Agricola saw them as
essential in the support and spread of civilization. Despite wealth from mining
investments and duties as mayor of Chemnitz and ambassadorships, Agricola continued
observations at mines and smelteries. He also maintained contact with Valerius Cordus
(1515-1544), Conrad Gessner (1516-1565), and others who provided mineral samples
and information from different places. These new sources extended his vision and
allowed him to rethink some conclusions. He rarely relied on Neoplatonic or occult
explanations. A folio volume containing De ortu et causis subterraneorum (On the
Origin and Cause of Subterranean Things) and De natura fossilium (On the Nature of
Excavations), among other works, was published in 1546. His landmark De re metallica
(On Metals) appeared posthumously in 1556 and was quickly trans-lated into German to
serve practitioners. And still, Agricola’s Catholicism followed him in death with burial
denied in the parish church alongside other mayors. Despite the early success of his
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scientific writings, little was done to extend his lead for nearly another century. Even
today, he is better known than understood.
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Agriculture

Early-modern Europe saw gradual but significant changes in agricultural practice that
encouraged, much more than benefited from, contemporary scientific activity. Natural
philosophers were unable to offer improved understanding of plant generation, growth,
nutrition, and breeding. Rather, particularly in western Europe, economic, social, and
political events such as increasing urbanization, mercantilism, and exploration and
colonization of newly encountered lands encouraged the replacement of a self-sufficient
economy with one that emphasized farming for profit.

The Low Countries exhibited Europe’s most advanced agriculture, characterized by
field rotations that included a fodder crop instead of a fallow period to replenish soil.
Entrepreneurial landlords, notably in England, Switzerland, and the environs of Paris,
adopted these profitable rotations. Market farming, however, necessitated changes in land
management. Landowners enclosed and farmed community common and waste lands and
consolidated tenant’s scattered fields. They eliminated many tenants and established
control over crops and methods. Agricultural workers resisted, and enclosure and
consolidation were not uniformly in place in some areas until well into the nineteenth
century.

This period is characterized by an avid interest in agricultural innovation; many
believed that widespread agricultural improvements, while benefiting landowners, would
also ease serious social problems such as unem ployment, intermittent famines, and rising
food prices. Social reformer Samuel Hartlib (ca. 1600-1662) collected and published
literature in which landlords discussed agricultural experiments and recommended new
methods. This literature influenced natural philosophers in England and on the Continent,
many themselves landowners. The new science emphasized manipulation of nature, and
natural philosophers turned its methods on plants and agriculture. Francis Bacon (1561-
1626) attempted to immunize seeds against diseases; Johannes Baptista van Helmont
(1579-1644) experimented on methods of plant generation and, like Bernard Palissy (ca.
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1510-ca. 1590) and Robert Boyle (1627-1691), investigated soil composition and
manuring requirements. Francesco Redi (1626-1697) explored plant propagation; John
Evelyn (1620-1706) performed grafting experiments; and Nehemiah Grew (1641-1712),
Kenelm Digby (1603-1655), and Marcello Malpighi (1628-1694) worked on plant
anatomy and physiology.

Scientific institutions also explored agricultural matters. The Royal Society of
London, the Académie Royale des Sciences, the Accademia Secretorum Naturae, and the
Accademia del Cimento all gathered information on agricultural practice and
experimented on plant growth and nutrition.

Whether and how plants reproduced sexually was also a topic of much interest, and
the study of floral anatomy led Grew and John Ray (1620-1705) to propose that stamens
and pollen functioned in plants as did male organs and semen in animals. Rudolph
Camerarius (1665-1721), director of a botanical garden in Tlbingen, in 1694
experimentally confirmed sexual reproduction in plants and the fertilizing role of pollen.

Though progress was made in many of these areas, little emerged that was applicable
to agriculture. Agricultural chemistry, an eighteenth- and nineteenth-century
development, would mark the interjection of scientifically derived knowledge into
agricultural practice in Europe.
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Agrippa von Nettesheim, Heinrich
Cornelius (1486-1535)

A polymath, claiming academic degrees in the liberal arts, medicine, and law and
profound knowledge, though not a degree, in theology. A native of Cologne, he received
an arts degree from the local university in 1502 and seems to have studied or lectured at
the Universities of Ddle, Paris, and Pavia. His exact relation to these three universities
and the extent to which he spent his years in Italy (1512-1518) engaged in formal study
remain unclear, but he claimed doctorates in law and medicine, and contemporaries
accepted these claims. Especially after returning to northern Europe in 1518, he became
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involved in humanistic criticism of ecclesiastical abuses and in agitation for reform, but
he was never a committed follower of Martin Luther (1483-1546).

Far more persistent than reformist activities was his commitment to the study of the
occult sciences (especially astrology, alchemy, and Kabbalah), which were related to the
profession of medicine. He practiced medicine at Geneva, Fribourg im Uchtland, and the
Netherlands and served for at least two years as a physician to the queen-mother of
France, Louise of Savoy. His major publication in occult science was De occulta
philosophia. He dedicated an early draft to Abbot Trithemius of Sponheim in 1510 but
added new material down to the time of publication (Book I, Antwerp, 1531; complete
text, Cologne, 1533). Agrippa shared the belief of Renaissance Neoplatonists in an
ancient tradition of divine wisdom going back to the origins of human society, passed
down through Zoroastrian and Egyptian as well as Jewish priests and scholars, and
expressed in the Hebrew scriptures, the Orphic hymns, the Hermetic books, and Jewish
Kabbalah, as well as by Plato (428-348 B.C.E.), the ancient Neoplatonists, recent
Florentine Neoplatonists like Marsilio Ficino (1433-1499) and Giovanni Pico della
Mirandola (1463-1494), and modern Kabbalists like Paolo Ricci, Pietro Galatino,
Francesco Zorzi, and Johann Reuchlin. He would have named his book De magia except
for the undeserved evil reputation of magic. In fact, Agrippa’s avowed goal was to restore
the pure, genuine, holy magic of ancient times through study of ancient texts and to
cleanse magical science from the gross popular superstitions that had contaminated it in
recent times.

The shaky philosophical superstructure of his magical treatise is the hierarchical
worldview of the Neoplatonists. His book incorporates much material from the Florentine
Neoplatonists, the Hermetic treatises (first translated into Latin by Ficino), and the
Christian Kabbalists. Although Agrippa accepts the traditional belief that material
substances are compounded from the four elements of classical science and that most
properties of things can be explained on that basis, some properties cannot be derived
through reason but are occult, knowable only from long experience, which he conceives
in terms of the wisdom discovered in ancient books rather than personal experiment.
Knowledge of occult properties can be used for operations of natural magic. He also
defines a second realm of astral magic and a third realm of spiritual or demonic magic, a
tripartite division derived from the Neoplatonists. Although he did warn against the
dangers of spiritual magic if evil spirits were invoked, his open endorsement of invoking
spiritual agents, controlled through use of symbols such as numbers, geometrical figures,
music, and divine and angelic names, explains why ecclesiastical censors sought to block
publication of De occulta philosophia.

Although the latter work became an influential encyclopedia of magic, the author’s
own ambivalence is expressed in other works that emphasize human dependence on
divine grace and attack trust in the power of human reason. The chief of these works is
De incertitudine et vanitate scientiarum et artium (On the Uncertainty and Vanity of the
Sciences and Arts), written about 1526 in France and first published at Antwerp in 1531.
This book explicitly recants his magical books. Rather oddly, this recantation was
reprinted as an appendix to the full edition of De occulta philosophia in 1533. Much of
De incertitudine et vanitate consists of social satire directed against abuses by the clergy,
rulers, aristocrats, and various occupational groups, but it also calls in question the ability
of human reason to attain certainty and shows unmistakable influence from ancient
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Academic and Pyrrhonist skepticism. Recent scholarship has struggled with the problem
of reconciling the magical with the skeptical elements in Agrippa’s two chief
publications, both of which were frequently reprinted and translated into vernacular
languages. His own solution, clearly expressed in the closing chapters of De incertitudine
et vanitate, is a simple, undogmatic faith in the power and grace of God.
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Air Pump

Around 1647 the Magdeburg diplomat Otto von Guericke (1602-1686) had the first
vacuum pump constructed. He used it to prove the possibility of a macroscopic void.
More, and more important, experiments were done with it from 1659 onward by Robert
Boyle (1627-1691) and Robert Hooke (1635-1702). They used the instrument to
investigate the properties of air, the vacuum, and everything else they could put into it.
Their experiments became the prototype example of the experimental method in science,
but it did not immediately result in widespread use. The air pump was too much of a
high-tech instrument to allow cheap production. This situation changed toward the end of
the seventeenth century, just in time for the pump to become one of the standard tools for
itinerant lecturers.

The idea of pumping air was not a new one; compressors of some sort had been
known since antiquity. But Guericke was the first to use a pump to create a vacuum, and
in doing so he entered into an old debate on the possibility of a macroscopic void. With
considerable effort, he managed to get his pump operational, but his experimental
reasoning did not convince the Aristotelian scholars who argued on logical grounds
against the possibility of a vacuum. What is more, he was not even the first to create a
(near) void of macroscopic size. One might, in fact, say that Guericke’s most important
contribution was that he inspired Robert Boyle.

Boyle was not as much interested in the old vacuum debate as he was in the
instrumental possibilities of the air pump. He recognized it as the prototypical Baconian
instrument. Together with his assistant Robert Hooke, who did the actual work, he
conducted an extensive series of experiments to discover the properties of air and the
vacuum. Owing to Boyle, the air pump changed from merely a means to create a void to
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an established research tool and eventually to the emblem of Baconian science. Boyle
also introduced Christiaan Huygens (1629-1695) to the merits of pumping, and it was
Huygens who constructed the first air pumps in Holland and France.

Guericke had designed his first air pump on the basis of a fire syringe: a piston
moving back and forth in a brass cylinder. During the outward motion, it took in air from
a spherical recipient. The pump was emptied during the inward stroke, while a leather
valve prevented the air from flowing back to the recipient. The outlet was supplied with a
valve as well, to prevent the atmospheric air from being taken in during the suction
stroke. Hooke and Huygens improved on this design, but the overall idea remained the
same.

Leakage was the largest problem with the earliest vacuum pumps. To reduce it, the
pump cylinder had to be perfectly straight with a smooth inner surface. Requirements like
this made the construction of a vacuum pump extremely expensive and difficult. No more
than fifteen scholars and institutions succeeded in obtaining a vacuum pump before 1670,
and most of these depended on Guericke, Hooke, or Huygens for the construction and
maintenance of their instruments.

Instrument makers contributed little to the earliest air pumps. Scientists designed and
assembled the instruments themselves. Often enough, they had trouble finding craftsmen
capable of making the constituent parts to their specifications, but gradually the pattern
changed. In the 1670s, Parisian craftsmen began to produce air pumps, soon to be
followed by the Musschenbroek workshop in Leiden. Typical customers of these
instrument makers were societies, rich individuals, and, somewhat later, universities.
Most of these used their air pumps to duplicate or demonstrate the experiments of Boyle
and Guericke. Notable exceptions were Francis Hauksbee (1666—1713) and Huygens, but
the number of scientists doing new research with the air pump was never very large.

Progress in air-pump design initially meant less leakage and larger recipients. But
around 1680 the emphasis shifted to convenience and pumping speed. An important
representative of this trend was Denis Papin
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Robert Boyle’s air pump, displaying
details of the parts that compose it.
Robert Boyle, New Experiments
Physico-Mechanical, 2nd ed. (1662).

(1647—-ca. 1712), who invented the double-barrel air pump. Compared with single-barrel
pumps, this instrument required less force and pumped twice as fast. Another useful
innovation was introduced by the Leiden physics professor Wolferd Senguerd (1646—
1724) in 1679. His pump could both evacuate and compress. The instrument was no
longer merely a tool to produce a vacuum. It was designed to allow for as many
experiments and demonstrations as possible.
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Alchemy

The claims associated with the practice of alchemy in the sixteenth and seventeenth
centuries were many and extended beyond the traditional understanding that it was
concerned primarily with the transmutation of lead into gold. Alchemists claimed that the
material they sought, sometimes called an “Elixir,” or more commonly the
“Philosopher’s Stone,” could heal illnesses, extend one’s life span, and even purify and
redeem an individual’s spirit. An anonymous sixteenth-century manuscript published by
Elias Ashmole (1617-1692) in 1658 entitled The Way to Bliss noted that a ring made
from material from the Philosopher’s Stone could heal the political divisions of a
kingdom.

Arabic Alchemy

To understand the vast claims associated with alchemy is to understand the indiscrete
associations made by individuals of the early-modern period. Alchemy is a particularly
helpful instrument with which to view early-modern intellectual, religious, and scientific
history precisely because the practice had such broad associations. The practice of
alchemy was not unique to the West. There was a Chinese, an Indian, a Jewish, and an
Arabic tradition of alchemy. While Western alchemy would eventurally incorporate
many elements of Jewish alchemy, particularly its tradition of Kabbalah, Arabic alchemy
was most likely the tradition responsible for its transmission to Europe. Following the
Crusades, Arabic alchemical and other texts were translated into Latin in the twelfth
century, making Arabic alchemical theory and tradition available to medieval
intellectuals in Europe. This last point is important because, although there were certainly
unlearned charlatans who claimed, often at great risk, to know how to change lead into
gold, alchemy was seen from its twelfth-century inception in the West to the early
eighteenth century, when Sir Isaac Newton (1642-1727) was copying and writing
alchemical texts, as an intellectual pursuit. Further, even though medieval alchemy was
distinct in its own right, earlymodern alchemical theory was its progeny, and one cannot
understand the latter without understanding the former.

The Arabic texts that twelfth-century scholars en countered and translated composed a
vast and heterogeneous body of literature that was largely, if spuriously, associated with
the work of the eighth-century Persian alchemist Jabir ibn Hayyan, who eventually
became more commonly known as Geber. The Jabirian school assumed that all material
substances contained their hidden opposites, and that, therefore, every substance held a
“manifest” and an “occult” quality, or an “internal” and an “external” quality. For
example, gold manifested hot and wet qualities externally, but its cold and dry qualities
were hidden internally, while silver had precisely the opposite qualities. Jabir argued that
because transmutation occurred through the interchange of elementary qualities, silver
ought to be able to transmute into gold by inverting its qualities.

Well grounded in Aristotelian physics, Jabirian alchemy by the thirteenth century had
acquired a corpuscular theory of matter, but, more significant, it began to acquire a
distinct Western interpretation by shedding some aspects of the Arabic tradition and
developing others. When a collection of texts known as the Seventy Books, the major
Jabirian work, was translated and circulated, it became so widely regarded on the
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Continent that it was not long before its many imitators appeared. These alchemical texts
of the late thirteenth and fourteenth centuries, the most famous of which was the Summa
perfectionis, claimed to be the writings of the Latinized figure “Geber.” Although this
authorship was as spurious as the texts attributed to Jabir, the authors succeeded in
making the alchemical theories contained therein conformable to accepted Scholastic
physics.

At the same time, a dearth of precious metals in Europe was frustrating the
expansionist political ambitions of many territorial rulers. The practical skills of
alchemists allowed princes to stretch their resources by alloying the gold and silver that
they possessed with other metals, producing more coins than they would have been able
without alchemical assistance. Edward 11l of England (1312-1377) demanded that two
notable alchemists of the day, John le Rous and William of Dalby, be brought to him
whether they consented or not because, as he said, “they will be able to do much good for
us and for our kingdom.”

Church Opposition

Because the Church, however, did not suffer from the financial exigencies that
confounded so many secular rulers, it viewed alchemy and alchemists with hostility. In
1317, Pope John XXII condemned alchemists both for practicing deceit and for
counterfeiting coins, thereby making the issue both a moral and a legal one. Pope John’s
condemnation did little, however, to stave off the interest in alchemy within the religious
orders of the Church itself. Religious orders poured enormous amounts of money and
effort into obtaining the Philosopher’s Stone. Johannes Trithemius (1462-1516) believed
that the practice was impoverishing the Catholic Church, and he urged others not accept
the claims of alchemists. Even though Trithemius was an intellectual colleague of such
notable occultists as Marsilio Ficino (1433-1499) (whose translations of the texts
attributed to Hermes Trismegistus further fueled the interest in alchemy), Giovanni Pico
della Mirandola (1463-1494), Johannes Reuchlin, Heinrich Cornelius Agrippa von
Nettesheim (1486-1535), and Paracelsus (ca. 1491-1541), he was, above all, a faithful
servant of the Church, and he excoriated alchemists, calling them fools and disciples of
apes who were enemies of nature and despisers of heaven. He saw the pursuit of alchemy
as a cancer that was destroying the monasteries and religous orders and, therefore,
attacked it because of the damage he thought it was doing to the Church.

Yet, despite the Catholic Church’s persistent concerns, perhaps one of the most
distinguishing aspects of early-modern alchemical theory was its spirituality. One of the
earliest appearences of a spiritual association with alchemy occurred in the Summa
perfectionis, in which the author associated alchemy with the donum dei (gift from God).
During the fourteenth and fifteenth centuries, the search for the Philosopher’s Stone
became associated for the first time with a search for the salvation of an individual’s soul.
In the early fifteenth century, a German alchemical text appeared known as Das Buch der
heiligen Dreifaltigkeit (The Book of the Sacred Trinity), the author of which appears to
have been a Franciscan monk named Ulmannus. This alchemical text constructs a close
parallel between the suffering, death, and resurrection of Christ and the alchemical
process. Alchemy would retain its spiritual associations throughout the early-modern
period, but it would also retain its political associations as well, and alchemical texts were
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routinely commissioned and dedicated to the rulers and emperors of medieval and early-
modern Europe.

Gold was, according to the Paracelsian physician and occultist Robert Fludd (1574-
1637), the least of its appeal. He wrote in one of his many defenses of alchemy, Truth’s
Golden Harrow (ca. 1623) that “thos which zealously seeke after it and with a true intent,
and by Gods blessing doth attayne unto it, shall easily perceave that gold is the meanest
possession and the least to be esteemed of ten thousand other mysteryes which it bringeth
with it.”

Alchemists spoke often of the process of “multiplication” or “extension” of the
Philospher’s Stone, and an important and often central concern were the efforts of
alchemists (or their patrons) to multiply and extend their wealth. However, multiplication
held important religious significance as well. It was believed by some alchemists that
God’s command to Adam and Eve to be fruitful and multiply extended beyond humanity
to include the entire natural world, and the Philosopher’s Stone held that secret. Such
knowledge was far more valuable to a Christian natural philosopher than mere riches.

The biblical basis for the Philosopher’s Stone was as clear to Fludd as it was for so
many other Christian occultists, and to call upon both the Old and the New Testaments
was one of the most common defense strategies of alchemists. Many alchemists—both in
England and on the Continent—claimed that they were heirs to Old Testament prophets,
many of whom allegedly possessed the secret knowledge of the Philosopher’s Stone.
Alchemists of the early-modern period scoured the biblical texts searching for any and all
references to gold or riches. For example, some alchemists believed that the brief line in
the Hebrew Scriptures referring to Abraham’s wealth, “Now Abram was very rich in
cattle, in silver, and in gold” (Genesis 13:3), confirmed Abraham’s practice of alchemy.
Abraham, Jacob, Job, David, Solomon, Elijah, Isaiah, Moses, even Adam himself were
all thought to have known the alchemical secrets.

Paracelsus and “Vegetation”

Nowhere were spirituality and natural philosophy more closely entwined than in the
natural philosophy of Paracelsus. Paracelsus was a deeply religious individual but was
not affiliated with either the Catholic Church or any of the Protestant denominations. The
system he developed was never intended to be rational but was instead, first and
foremost, intensely spiritual and mystical, requiring both a strong will and a powerful
imagination. In addition to this strong mystical element, Paracelsus’s system incorporated
his belief that salt, sulfur, and mercury were even more fundamental to matter than the
four Aristotelian elements of earth, air, fire, and water. Alchemy, for Paracelsus, was a
part of a larger natural philosophy in which mystical spirituality was integrated with
physical principles. One of the most notable aspects of Paracelsianism was its proposition
that the Creation was an alchemical process; alchemists, therefore, examined the Book of
Genesis through Paracelsian lenses to discern and, they hoped, re-create God’s Creation.
Many early-modern alchemists claimed that acquiring the Philosopher’s Stone not only
would transmute base metals into precious ones, but also could transform and redeem the
fallen natural world itself. Paracelsian efforts to imitate the creative process through
alchemy coincided with the larger early-modern effort to recapture and re-create an
Edenic world. To Paracelsian alchemists, to understand alchemy was to understand God’s
creative process itself.
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Alchemy was also never very far from the earlymodern interest in the ancient world
and other occult pursuits such as astrology or numerology. By the seventeenth century,
when interest in alchemy burgeoned more than at any previous time, principles borrowed
from the ancients were integrated with the new mechanical philosophy to create yet
another stratum in the history of alchemical theory. Many seventeenth-century alchemists
assumed, like the ancients, that metals could be “fermented” and allowed to “grow” like
dough or vegetation. The processes that were labeled “fermentation” and “vegetation”
were thought to be critical to the alchemical process. Robert Boyle (1627-1691) and
Isaac Newton (1642-1727) both practiced alchemy, and both recorded in their notes their
observations of metals sprouting tendrils and changing colors. Their observations were
presumably of some unstable intermetallic compounds that experienced fairly rapid shifts
in color and form by the energy caused by the fire of their furnaces. However, because
neither gentleman, despite their formidable contributions to what we recognize as
science, had discarded ancient presuppostions about matter, they could not help but make
their observations with them in mind and, therefore, believed they were witnessing the
“vegetation” of metals. In addition, neither rejected the spiritual elements of alchemy,
and both men, until the end of their lives, believed that alchemy held crucial theological
significance.

Although the Enlightenment and the increasingly secular pursuit of science began to
address the reasons that the legitimacy of alchemy diminished by the end of the
seventeenth century and became virtually discredited by the middle of the eighteenth, the
specific reasons that alchemy could no longer engage the greatest minds of natural
philosophy as it had for so many centuries remain unresolved. Contemporary scholarship
on alchemy has recognized the complexity of the issue and has, there-fore, been devoted
to specific individuals and case studies rather than to the syntheses that characterized the
study of alchemy in the nineteenth and early twentieth centuries.
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Aldrovandi, Ulisse (1522-1605)

One of the great Renaissance naturalists, Aldrovandi spent the majority of his life in
north-central Italy, where he taught natural history at the University of Bologna. The son
of a Bolognese notary, Aldrovandi traveled throughout Europe as a youth, studying
philosophy and mathematics at the University of Padua (1548-1549) and receiving a
medical degree at Bologna (1553). He developed his interest in natural history and
collecting, in part, through an encounter with the French naturalist Guillaume Rondelet
(1507-1566) and through subsequent study with the Bolognese naturalist Luca Ghini (ca.
1490-1556), one of the first professors of medicine to take students on botanical field
trips. Aldrovandi succeeded Ghini as professor of natural history at Bologna in 1556.

Aldrovandi expanded the teaching of natural history within the medical faculty at
Bologna and founded its first botanical garden (1568). His reputation as “the Bolognese
Aristotle” rested on his collection of natural
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objects, one of the earliest natural-history museums. Aldrovandi used it to demonstrate
anatomies, to improve the state of pharmacy by checking medicinal ingredients, and to
interest patrons in assisting in the publication of his Natural History. He engaged in
extensive correspondence with scholars and collectors throughout Europe. In 1603, two
years prior to his death, he donated his collection to the Senate of Bologna so that his
museum would continue to be a center for scientific activity.

Few of Aldrovandi’s publications appeared in his lifetime. While he wrote hundreds of
treatises, he published only three volumes of his work on natural history—the
Ornithologia (1599-1603); another ten volumes—on bloodless animals, quadrupeds,
fish, metals, monsters, and trees—appeared between 1606 and 1668. Aldrovandi made
some specific contributions to our understanding of nature—dividing animals according
to the shape of their hooves, for example, and continuing Aristotle’s (384-322 B.C.E.)
embryological work on chicks. But the primary importance of his work lay in his desire
to institutionalize natural history as a legitimate field of study and to make careful
empirical observation a precondition for understanding nature.
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Algebra

Although doubts have been cast on both its origin and its etymology, the word “algebra”
is usually said to derive from the title of an early-ninth-century work by alKhwarizmi in
Baghdad; it refers to the process of completing or restoring terms in an equation, such
terms being expressed in words rather than by any special symbols. Algebra now
signifies to mathematicians the study of specific structures, such as rings, fields, and
vector spaces, but school algebra still deals with equations and formal manipulations of
symbolic arithmetic. The first meaning is barely a hundred years old, even if prefigured
by earlier mathematicians.

Because of its general structural features, mathematicians often claim to see algebra in
some of the purely geometric or arithmetic work of antiquity. The matter is controversial,
but such hindsight may obscure, conflate, or alter the ideas originally involved. In the
second or third century Diophantus of Alexandria, in his Arithmetic, often regarded as the
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founding work of algebra, used a variety of abbreviations for exponents of a single
unknown and for subtraction, but he may not have been the first to do so.

Omar Khayyam (ca. 1050-1123) added to earlier work when he solved cubic
equations geometrically, using intersecting curves and giving conditions for solubility;
this was an extension of Archimedes’s notable solution of a specific cubic in his Sphere
and Cylinder. The twelfth-century revival of learning in the West, associated with the
new universities founded as independent corporations, led to many translations of Arabic
works into Latin, including in the mid-twelfth-century work of al-Khwarizmi by Robert
of Chester, who worked at Toledo and also translated the Koran. Following this,
Leonardo of Pisa’s famously misnamed Liber abaci (Book of the Abacus, 1202) dealt
with equations and Hindu-Arabic numerals. At the same time, the beginnings of
symbolism can be seen in Jordanus de Nemore’s (fl. ca. 1220) De numeris datis (On a
Given Number). Later, Nicole Oresme (mid-fourteenth century) gave rules for exponents
and attempted notations for indices. He and others were able to sum certain infinite
series, using graphical ideas, and even to prove the divergence of the harmonic series.

The main advanced application of mathematics, and the source of employment for
skilled practitioners, was still, as it had almost always been, in surveying, engineering,
astronomy and related calendar studies, and astrology. For this, trigonometry was of more
use than algebra, as is seen in the mid-fifteenth-century work of Georg Peurbach (1423-
1461) and Johannes Regiomontanus (1436-1476). The latter wished to see Latin
translations produced of Diophantus, but this was not taken up until 1550 by Rafael
Bombelli (1526-1572). Simon Stevin (1548-1620) translated Diophantus’s Arithmetic
into French in 1585. Later, Pierre de Fermat (1601-1665) used Claude-Gaspar Bachet’s
version of 1621; the original text may derive from Hypatia’s early-fifth-century
commentary.

Before this, the last decades of the fifteenth century saw Nicholas Chuquet (fl. ca.
1480) develop ideas about exponents and even freestanding negative numbers, but he did
not publish. Luca Pacioli (ca. 1445-1517), who did (1494), was less innovative in his
notations.

Shortly after 1500, the otherwise little-known Bologna professor Scipione del Ferro
(1465-1526) found a remarkable algorithmic solution in square and cube roots for certain
cubic equations. Perhaps this arose as an extension of Euclid’s surds in the recently
printed Elements. The solution, extended to other cases by Niccolo of Brescia (ca. 1500-
1557), known as Tartaglia, was eventually published, together with Ludovico Ferrari’s
(1522-1565) method for biquadratic equations, by Girolamo Cardano (1501-1576) in the
Ars magna (The Great Art) of 1545, the most famous purely mathematical work of the
century. The presentation, like Khayyam’s, is geo-metrical, but the methods are more
intrinsic to the specific equations.

This High Renaissance work was paralleled by the so-called “cossic” studies in Italy,
France, and Germany, leading to extended notations for exponents. The “cos” was the
Italian cosa, or thing, French chose, itself the unknown, as we say. In Germany, algebra
became known as die Cos and was associated with Christoff Rudolff, Michael Stifel and
Peter Apian. In 1572, Bombelli published his Algebra. In addition to solving simple
geometrical problems using a sort of symbolism—modern machine codes make us more
sympathetic to such schemes—he analyzed complex numbers and recognized their
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conjugates; some of his content was based on original studies of a Diophantine
manuscript.

The key figure at this time was Frangois Viete (1540-1603), who disliked the term
“algebra.” In addition to solving many interesting and important specific problems,
including the numerical solution of equations, he took big steps toward the formalization
of a symbolic arithmetic in nearly the form of modern elementary algebra. This work was
virtually completed by Thomas Harriot (ca. 1560-1621)—published posthumously in
1631—who also introduced the important inequality signs, associated roots of equations
with binomial factors, and applied algebra to problems of geometry, cartography,
interpolation, impacts, projectiles, and optics.

A little later, Albert Girard (1595-1632) gave initial results on symmetric functions of
roots, and René Descartes’s (1596-1650) geometrical appendix (1637) showed the power
of algebra in many areas. His solution of Pappus of Alexandria’s three- and four-line
problem and its extensions not only went beyond the older results of Alhazen (early
eleventh century), but also showed a general geometrical method, which he also applied
to optics. Descartes gave general rules for the transformation of equations and the
detection of roots—the latter leading, via Isaac Newton (1642-1727), to the results of
Jean Baptiste Joseph Fourier, Jacques Sturm, and James Joseph Sylvester in the
nineteenth century. Descartes was less innovative in solving equations by the intersection
of curves; Khayyam had done the same 500 years previously, albeit geometrically rather
than algebraically.

At the same time, Fermat was developing algebra in geometry in a more abstract way
and improving Descartes’s method for tangents. The peak of algebra in the seventeenth
century was seen in the development of the calculus. John Wallis’s (1616-1703)
Arithmetica infinitorum (1656) was influential in the differing calculuses of Newton and
Gottfried Wilhelm Leibniz (1646-1716), but for Newton the key influence was Frans van
Schooten’s (ca. 1615-1660) second Latin edition (1659-1661) of Descartes’s geometry,
with the extensive appendices of later work. Newton extended the algebra to general
infinite series, the basis of much of his calculus. Leibniz sought a more general logical
formalism, but this is also a form of algebra, as developed later by George Boole (1854)
and Friedrich Wilhelm Karl Ernst Schroder (1890). Newton’s analysis of cubic curves,
completed in the 1690s, is an algebraic tour de force; this and his Arithmetica universalis
of the 1670s both belie his remark that “algebra is the analysis of bunglers.” One
important result went unproved until Sylvester (1865); another dealt with sequences of
sums of powers of roots and limits of roots. Newton’s reconstruction of a solution of
Diophantus prefigures the Weil-Mordell theorem of the 1920s, itself related to the 1995
proof of Fermat’s “last theorem.”

By 1700, formal algebra and some structural algebra was in place, even if the fuller
mysteries of complex numbers awaited clarification by Carl Friedrick Gauss and William
Rowan Hamilton in the nineteenth century. One general point remains to be made. We
see not only the development of algebraic symbolism and the solution of specific
problems, but the increasing algebraicization of mathematics as a whole. Often placed as
late as the eighteenth century, this really goes back to Viéte’s publications of the 1590s.
Geometric formulations were slow to fade, but such late formulations by Isaac Barrow
(1630-1677) and Christiaan Huygens (1629-1695) were less indicative and, hence, less
influential.



Encyclopedia of the scientific revolution 40

BIBLIOGRAPHY

Cardano, Girolamo. The Great Art. Trans. T.Richard Witmer. Cambridge, MA: MIT Press, 1958.
Descartes, René. The Geometry. Trans. D.E.Smith and M.C. Latham. New York: Dover, 1954.
Rashed, Roshdi. “Algebra.” In Encyclopedia of the History of Arabic Science, ed. Roshdi Rashed. 3
vols. London: Routledge, 1996, vol. 2, pp. 349-375.
Rose, Paul L. The Italian Renaissance of Mathematics. Geneva: Droz, 1975.
Viéte, Francois. The Analytic Art. Trans. T.Richard Witmer. Kent, OH: Kent State University
Press, 1983.
JON V.PEPPER
See also Analytic Geometry; Cardano, Girolamo; Viéte, Frangois; Mathematics

Almanacs

Movable type made these publications easy and inexpensive to produce, and the Crusades
against the Turks brought a request to Johannes Gutenberg to publish the first almanac in
1448. At first, they were a means of introducing astrology to a wide audience; later, they
became a means of disseminating the new astronomy.

Almanacs were written in the vernacular. They generally consisted of three parts. The
almanac proper showed major astronomical events of the coming year, such as eclipses
and conjunctions, which were believed to have astrological significance, and movable
feasts, like Easter, that depended on astronomical data. The second part was a calendar,
which listed the days of the weeks, the months, and the fixed church festivals. The third
part consisted of prognostications—astrological predictions of upcoming events,
including the weather, favorable hours for such matters as medicinal bleedings and
planting or even taking a bath, and anticipated political occurrences. Almanacs sold as
broadsheets were the ancestor of the modern calendar. There were also pocket almanacs.
Like the modern pocket diary, they often contained useful information: a list of markets
and fairs, a guide to highways and distances by road, a brief chronology of historical
events since the Creation, medical preparations, legal formulas, suggestions for
gardening.

During the Middle Ages, astrology had been the preserve of the educated and the
powerful. Publications about the subject were in Latin, and wealthy patrons sought the
advice of astrologers. The vernacular almanacs gave the less-educated members of
society access to such information, sometimes with interesting results. For example, in
1499 the influential astrologer Johann Stéffler (1452-1531) published Ephemerides, in
which he predicted that multiple planetary conjunctions in the sign of Pisces during 1524
would produce a second great flood on 25 February. This prediction was reproduced in
almanacs for the next quarter-century. Although the almanacs themselves were not read
by the illiterate majority and were often mocked by them in carnivals, the prediction was
spread among the lowest classes by preachers who saw the upcoming flood as divine
punishment. People moved their places of residence in anticipation, and in Rome there
was general panic. Of course, the flood never materialized, which reinforced common
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mockery of almanacs and astrologers, but the incident shows how these almanacs had an
influence beyond their readership.

The most important information the almanacs contained concerned astrological
predictions of the weather for farming and gardening and for traveling and predictions of
the best times for medical procedures. Astrology was the most successful means of
forecasting the weather in the early-modern period. Since both agriculture and commerce
depend on the weather, almanacs became very important to the economy. Farmers used
them to make decisions about planting; merchants were anxious to know of any
impending storms before sending their ships out. Physicians generally believed that the
heavenly bodies influenced the health of both individuals and society. Not only did they
check birth charts to study the physical and emotional constitution of the patient, but they
also used the astrological information in almanacs to vary treatment according to the
celestial configurations (for example, bleeding was believed to be affected by the phases
of the Moon), to take note of critical days in the course of the disease, and to predict or
explain epidemics.

Since medical practice in the late-medieval-early-modern period usually involved
astrology, many of the early almanacs were written by physicians and surgeons. One of
the most popular publications was by the Laet family. The works of these Flemish
astrologer-physicians appeared annually from 1469 to 1550 and were translated into
French and English. The popularity of these almanacs spurred publishers of books in
these languages to enter into the lucrative business. In England, the university presses of
Oxford and Cambridge were anxious to break the Stationers Company’s monopoly on the
publication of almanacs. Generally, however, the writers of these almanacs did not profit
so well from the endeavor. For them, the almanac produced pecuniary advantages as an
advertisement of their astrology practice, and authors often devoted a page to listing the
services they provided.

These authors were anxious to show that their predictions were based on the most
accurate astronomical assumptions. Therefore, they would discuss astronomical
discoveries of their day. They debated the relative merits of the various cosmic systems.
Already in 1576, Leonard Digges (ca. 1520—ca. 1559) introduced his almanac with a
lengthy defense of the Copernican system. Almanacs were the major source in the
vernacular for the ideas not only of Nicolaus Copernicus (1473- 1543), but of Johannes
Kepler (1571-1630) Galileo Galilei (1564-1642), and Isaac Newton (1642-1727) as
well. Thus, they became an important means of popularizing the new astronomy.
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Analytic Geometry

If one defines algebra as a set of problems that include establishing basic algebraic
identities and formulating and solving quadratic and cubic equations, then its beginnings
go back four thousand years, and ancient mathematics is rife with the geometrical
treatment of algebraic problems. But the modern origins of analytic geometry, which
combines algebra and geometry by formulating certain correspondences between curves
and equations, are generally assigned to the work of Francois Viéte (1540-1603), René
Descartes (1596-1650), and Pierre de Fermat (1601-1665). In general, geometry, rather
than an abstract symbolic structure, was the universal language of antiquity, and the
domains of geometry and number were segregated. Viete, Descartes, and Fermat
introduced an essentially modern form of mathematics, in which the domains of
geometry and number could be deeply and fruitfully integrated under the aegis of an
abstract symbolic structure.

Viéte’s greatest contribution was to raise algebra to a general form of reasoning by
freeing it from its reference to number; in the Greek and Arab world, algebra was mostly
preoccupied with the treatment of special cases, finding the numerical unknown in
equations with numerical coefficients. In his In artem analyticem isagoge (Introduction to
the Analytical Art, 1591), Viéte announced a program for solving all mathematical
problems by means of a logistica speciosa, an abstract algebra (in almost the modern
sense of the term: a system endowed with a variety of interpretations and implicitly
defined by a set of rules and axioms) with a homogeneity law. This system included rules
for addition, subtraction, multiplication, division, scalar multiplication, and extraction of
roots; the notation was expressed partly in symbols (addition and subtraction), partly in
words and abbreviations (multiplication, division, equality, powers). Differing symbols
were used for the first time to register the important distinction between parameters and
unknowns.

Viéte left both the magnitudes and the operations of his system undefined. He
stipulated only that magnitude always has a well-defined dimension (any natural number)
and that operations must respect dimensionality: only magnitudes of the same dimension
can be added or subtracted; two magnitudes of dimensions m and n, when multiplied,
give rise to a magnitude of dimension (m+n); and so forth. Viéte has often been
reproached for his allegiance to the condition of homogeneity; Dirk Struik (1948) says
baldly that it vitiated his system. But respect for the condition of homogeneity was a
commonplace in the seventeenth century; moreover, it saved Viéte an extra assumption—
that is, the stipulation of a unit.

When Viete applied his logistica speciosa to geometry, he was able to show that all
geometrical problems that can be recast as algebraic equations of the fourth degree or
lower can be either constructed by ruler and compass or reduced to the trisection of an
angle or the determination of two mean proportionals between two given line segments.
Viéte also began to enunciate certain important relations among the roots and coefficients
of an equation, approaching the theory of symmetric functions of roots in the theory of
equations. In both of these results, Viete’s gift for generalization is evident.

Descartes shared Viete’s wish to discover more general algebraic methods for
attacking problems in mathematics. But whereas Viéte begins with an abstract algebra,
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Descartes begins with an algebra interpreted as operations on magnitudes that are finite
line segments. Descartes’s algebra is a closed algebra: operations on line segments
produce line segments. Multiplication, for example, is interpreted as the construction of a
line that stands in the same ratio to one of the factors as the other factor stands to the unit.
Homogeneity is dropped as a condition, but then a unit must be stipulated.

Like Viete, Descartes is interested in recasting traditional problems from the canon of
classical geometry in algebraic form. By choosing “Pappus’s Problem,” a family of locus
problems, as the centerpiece of his Géométrie (Geometry, 1637), he broadens the scope
of his project beyond that of Viéte in two significant ways. In his attempt to give a
general solution to Pappus’s Problem, Descartes offers two classifications, one of
determinate construction problems and the other of curves. His classifications project a
hierarchy of problems (or curves) and, thus, opens up the investigation of algebraic
equations of any finite degree in one (or two) unknowns. In principle, the second
classification also opens up the investigation of higher algebraic curves, though the
Géométrie makes that innovation far from clear. Descartes is not so much interested in
curves per se but, rather, as constructional tools—generalizations of ruler and compass—
for the construction of determinate problems represented by equations of finite degree in
one unknown.

The power of Descartes’s method in the Géométrie is not simply that he shows how to
translate a geometrical problem into an algebraic equation, solve the equation, and then
translate back to the geometrical problem. Rather, at its best (as in the case of the so-
called Cartesian parabola, a cubic curve), it allows the mathematician to think
geometrically and algebraically at the same time. The Cartesian parabola, for example, is
understood as a curve traced by certain instruments, as a point-wise construction, and as
an equation, and the problems in which it figures in the Géométrie are addressed by
making use of both results from geometry and results from the newly expanded theory of
equations, as it were simultaneously.

The mathematician who most clearly enunciated the central insight of analytic
geometry, that curves may be correlated with equations in two unknowns, was Pierre de
Fermat. He wrote his Ad locos planos et solidos isagoge (Introduction to the Loci of
Planes and Solids) and its Appendix in 1636; thereafter it circulated in manuscript, but it
was not published until 1679. Applying the logistica speciosa of Viete to the study of loci
in Apollonius, Fermat concentrated on the sketching of curves correlated with equations
in two unknowns, rather than the construction of roots of equations in one unknown as
Descartes had. He showed first that linear equations correspond to the line, and then that
quadratic equations reducible to various canonical forms correspond to the hyperbola,
parabola, circle, and ellipse. (For example, an equation reducible by a translation of axes
to the form xy =k corresponds to a hyperbola.) Though his work makes no mention of
algebraic curves more complex than the conics, it goes beyond that of Descartes, in that
Fermat showed how to reduce a certain kind of problem to two equations in two
unknowns and then construct it by the intersection of the loci corresponding to the
equations.

On balance, the work of Descartes was more influential in the seventeenth century
than that of Viéte or Fermat, though the approach of Viete was more abstract and
rigorous, and that of Fermat more didactic and clearer. Descartes’s analytic geometry was
promulgated and regularized through the labors of a school of Dutch mathematicians, of
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which the Geometria a Renato Des Cartes (1659-1661, 1683, and 1695), edited with
commentary by Frans van Schooten (ca. 1615-1660), was the most important. In these
works, for example, the coordinate axes were stipulated to be orthogonal, and canonical
forms for equations were established.
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Anatomy

When the French physician Jean Fernel (1497-1558) reflected on the necessity and
excellence of anatomy in the epilogue of the first book of his physiological treatise De
naturali parte medicinae (1542), he concluded by drawing a particularly important
comparison: just as geography is pertinent to the veracity of history, medical practice
requires a knowledge of how the human body is described. In his analogy, both the
geographer and the anatomist state characteristics of places in which something is going
on. In the instance of anatomy, such descriptions not only result in medical practice on
the living body, but, in a figurative sense, they also indicate action within, and of, the
body itself. Because of this intimate connection between the body—seen as a place—and
its functions, anatomy, according to the Renaissance notion of it, has to be understood as
a discipline that deals with the fabrica (structure) of the human body. Precisely hence
stems the title of Andreas Vesalius’s (1514-1564) monumental De humani corporis
fabrica (1543), which was to become the most influential of all anatomical texts ever
published. As a result of what could be compared to a foreshortened view of the long-
term process of the Scientific Revolution—a process that was anything but
undirectional—the beginnings of modern anatomy, of medicine, and even of modern
science in general have been seen in connection with this book. In the context of Fernel’s
comparison between the sciences of anatomy and geography, Vesalius may be, and has
been, regarded as the Columbus of the human body, as a man who literally discovered a
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new world. The full impact of the Fabrica on anatomy and science, however, has to be
evaluated on the basis of the achievements of his predecessors and with regard to
Renaissance medicine as a whole, with all that this implies for our understanding of the
conditions that gave rise to modern science.

When medicine, in line with Renaissance humanism, turned back to the newly
emended texts of the ancients during the fifteenth century and increasingly during the
sixteenth, the canon of anatomical literature had been reduced to Galen’s (second
century) writings. However, any understanding of antiquity could become fecund only
where it tied in with the period’s own achievements. This implied that, in accord with the
ancients, nature itself had to be studied through the reborn art of dissection of the human
body. Such a mode of proceeding did not lead back to the canonical writings of Galen
(who had never dissected a human body), but to what Vesalius considered to be the true
Galen—that is, back to the anatomists of Alexandria, who had trained in, and practiced,
human dissection in antiquity. This development did not go unopposed by dogmatic
Galenists like Jacques Dubois (1478-1555), himself an astute observer, who in an anti-
Vesalian reaction had overstated his case by taking the view that it was more likely for
the human body to have changed since Galen’s time than for the venerated master to have
erred.

Even so, Vesalius was not alone in trusting observation more than books and in
employing his own eyes and hands with the help of suitable tools; indeed, such priorities
were common among early-sixteenth-century anatomists. In spite of their more or less
scrupulous attitude toward Galen, authors like Giacomo Berengario da Carpi (1460-
1530), Charles Estienne (ca. 1505-1564), and Giovanni Battista Canano (1515-1579)
had become convinced of the correctness of their own observations and judgments.
Along with others who had written anatomical treatises in the years between 1490 and
1543, these anatomists, commonly labeled as pre-Vesalians, have not been given their
fair share of prominence by medical historians, who, until the mid-twentieth century,
favored Vesalius in what was an unbalanced representation of Renaissance medicine. It
has since been shown how preVesalian anatomists strove to develop their own concepts
and to attain their somewhat differing goals.

For example, to convince his readers and fellow scholars of what he believed anatomy
should be and do, in 1521 Berengario published an anatomical treatise based on
dissection in the form of a commentary on Mondino de Luzzi’s (ca. 1275-1326)
Anatomia, completed in 1316. Mondino is reputed to have reintroduced human dissection
into medieval medical education after a period of relative stagnation during which
medicine followed late antique—Byzantine and Arabic—traditions and was determined
by respect for the Church. Although Mondino’s book had already been criticized by the
Galenist naturalist Leonhart Fuchs (1501-1566) for what he saw as an addiction to
Arabism and speculations, it had temporarily gained canonic character and was, in
Berengario’s opinion, the best available text; the one most suitable, that is, for serving as
a practical handbook covering anatomy as conducted by manual operations in the course
of dissection.

Berengario’s endeavors to work like a craftsman on structures visible to the eye, and
to prove his observations through repeated inquiry, thus form an early attempt to acquire
anatomical knowledge, not least with a view to the long-neglected practice of surgeons.
Such a line of investigation lay exactly within the scope of Vesalius’s interest in the
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employment of the hands in anatomy, and in medical treatment by means of the hands in
surgery, which at that time was not regarded as forming part of medicine proper.

Canano, in his treatise on the muscles of the upper limb published in 1541, pursued a
course similar to that of Berengario. Illustrating an approach that already was directed at
function rather than merely at form, the engravings in his work show the skeleton in
positions that correspond to the primary action of the respective muscle; in other words,
each muscle is individually depicted in action. Nothing comparable can be found in
Vesalius’s Fabrica, in which, in plates representing muscle-men, the musculature is fully
and fluently portrayed with differing degrees of anatomization and by variations of pose.

Vesalius, following the cues of his predecessors, not least where anatomical
illustration was concerned, completed the work that Berengario had initiated. Though still
in the tradition of Galen, his extensive textbook more perspicuously emphasizes the
revival of anatomy in the process of the Scientific Revolution. The composition of
Vesalius’s Fabrica no longer follows Mondino’s medieval principles of dissection,
according to which the description of the body proceeds from the inside toward

The first of the “muscle-men” plates in
Andreas Vesalius’s De humani
corporis fabrica (1543). Successive
plates showed the outer muscles peeled
back to illustrate interior muscles.
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the outside, starting with the viscera in the abdominal and thoracic cavities before moving
on to the head and finally to the limbs. Instead, Vesalius returned to Galen’s system and,
in what might be termed a “structuralist” approach, took the bones as his starting point,
developing his description of the fabrica of the body in relation to its basis, the skeleton.
Each part of the body that he describes in his anatomical work is analyzed with the aim of
reconstructing the entity of the living body, into whose function and design the anatomist
gains insight through its structure—a structure that, according to Vesalius, is fashioned
by God’s wisdom for an ultimate purpose. Whereas in pre-Vesalian anatomy the structure
of the body had been deduced from that final cause, a result of which it was seen to be,
with Vesalius structure becomes the key to deciphering that very purpose. Thus, favoring
an interpretation that is no longer ontological but epistemological, he exchanges a
deductive for an inductive method. From the way in which the parts of the body are seen
to be structured and equipped, he concludes what the purpose of its construction must be
and how this purpose points to the body’s Creator. Thus, in the fabrica of the body, its
faber (maker) becomes visible.

In the late seventeenth century and during the eighteenth, these notions gained
importance in demonstrations of God’s providential design, promoting a mechanistic and
teleological view of the body. With the methodological change thus initiated, beliefs in a
relationship between macrocosm and microcosm and in genuine correspondences
between man and the universe broke up. Man as microcosm assumed a new quality,
turning into an anthropological concept. In anatomy, he now met himself as an object of
his own observation and thought, acquiring valuable philosophical material from the
knowledge of the human body. The analogy between macrocosm and microcosm, though
still an object of philosophy up to the seventeenth century, fails to explain the complex
organ functions recognized by the developing modern physiology of that time through
generalized correspondences with a universe that had become equally multifold.

In the plates showing muscle-men and skeletons in Vesalius’s Fabrica, the gigantic
human figures in front of landscapes receding into the distance give direct expression to
his new concept of man through uniting anatomy with art. When the background
landscapes of Vesalius’s plates are assembled so as to form an uninter-rupted panorama,
the individual figures in the foreground are linked up in a dance of death in which all
become equal.

Interest in anatomical research, however, was not centered on man alone or, indeed,
tied to the Vesalian tradition only. Renaissance humanism is commonly credited with the
discovery of man, but, in addition to this, it also redefined his place in nature. Forming
only part of a broader scientific enterprise, investigations of the human body uncovered
its relation to that of animals; on the basis of the perceptible matter of nature, such
investigations generated a new idea of the order of the world. One of the most captivating
subtleties of nature was detected by Pierre Belon (1517-1564), who, in a classic and
endlessly reproduced illustration to his comparative anatomical work, L’histoire de la
nature des oyseaux (1555), drew attention to the structural conformity of the skeletons of
man and bird. Regrettably, the “inquisitive” gaze of the age eventually faded into a
generalizing overview that, by the end of the seventeenth century, resulted in the prosy
analytical empiricism betrayed by so much natural-history writing of the period.

Although structural aspects undoubtedly fueled comparative studies, function also
attracted particular interest, as is evident from the work of authors like Girolamo Fabrici
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(ca. 1533-1619) and his pupil Giulio Casseri (1552-1616), both of whom focused some
of their efforts on the vocal and auditory organs. However, Fabrici’s Aristotelian
reflections on animal and human anatomy and generation (the formation of the fetus)
were not confined to structure and function alone. As his most famous pupil, William
Harvey (1578-1657), indicated, in his comprehensive account of a universal approach to
anatomy Fabrici deals with underlying common causes from the point of view of natural
philosophy quite apart from medical application. With Fabrici, anatomy became a science
that was not only independent of, but regarded as in some ways superior to, medicine.

Vesalius’s descriptions made the whole of the human body known to man. Although
the principles he established were not fundamentally questioned by his successors, this
knowledge cleared the way for corrections and new discoveries—for example, those
made by Vesalius’s pupil Gabriele Falloppio (1523-1562) or his vehement critic
Bartolomeo Eustachio (ca. 1510-1574). With the knowledge of the body’s shapes
established, around 1600 anatomical interest turned to its cavities, including the organs
and their interior structures, which were diligently inspected. Eustachio’s early research
into the vascular system, as well as Fabrici’s account of the venous valves (1604),
complete with its mechanical implications, made Harvey’s discovery of circulation
possible; this, in turn, marked the step from anatomy to physiology.

Harvey’s doctrine certainly had a great influence on attempts to study the vascular bed
of organs and developing organisms. In equal measure, it affected efforts to apply
injection techniques to vessels and ductular systems—which Frederik Ruysch (1638-
1731) mastered brilliantly—and to visualize their ramifications and distribution as a part
of interior organic formation. The detection, with the aid of the microscope, of the lung’s
capillaries by Marcello Malpighi (1628-1694) in 1661, and their rediscovery and correct
interpretation by Antoni van Leeuwenhoek (1632-1723) in 1683, provided the missing
link between the arteries and the veins and made Harvey’s theory complete. Already in
1622, when he observed that the chylous vessels of the intestinal tract were filled with
milky lymph by a “natural injection,” Gaspare Aselli (1581-1626) had succeeded in
discovering another vascular system that was distinct from the veins.

Ever since the microscope extended the range of human perception, Francis Bacon’s
(1561-1626) program of an inquisitorial interrogation of nature has been put into
relentless practice. Nature no longer “speaks for itself,” as it had in the Renaissance, even
though its “words” have always had to be interpreted. Rigorous observation and reason
became the only legitimate sources of knowledge. Physical experimentation,
mathematical discourse, and René Descartes’s (1596—1650) constitutive image of men
and animals as machines promoted Niels Stensen’s (1638-1686) seminal studies of
muscular mechanics and Giovanni Alfonso Borelli’s (1608-1679) investigations of the
movements of the joints and working points of muscular power. The development of
anatomy at the end of the seventeenth century is well reflected in the still life-like
presentation of the human body and its parts—particularly the glands—down to
microscopical structures and in the comparative analyses of muscles based on a
mechanical model, which all make Govard Bidloo’s (1649-1713) Anatomia humani
corporis (1685) the anatomical book most characteristic of its time.
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Andreae, Johann Valentin (1586-1654)

Educated at Tlbingen university, he combined an interest in science with his career in the
Lutheran ministry. His Collectaneorum mathematicorum (1614) uses 110 of his own
etchings to illustrate a wide range of mathematical topics, including “cossic numbers”
(algebra), astronomy, horology, mechanics, fortification, perspective, and human
propottions. His Christianopolis (1619) describes a utopian community of scholar-
craftsmen who treat work as applied science and who engage in research using the most
up-to-date equipment—an observatory equipped like Tycho Brahe’s (1546-1601)
Uraniborg, including the newly invented telescope, an anatomy theater with occasional
human dissections, pharmacology and chemistry laboratories. No one may hold office in
Christianopolis who is not expert in mathematics, but the book is also a critique of
contemporary society and religion, and the ultimate goal of science is, through
understanding Creation, to approach the Creator and reject the world.

Christianae societatis imago (1620) is a model of a scientific society in which teams
of specialists would work collectively to advance knowledge. This proposal was
subsequently circulated in England by Samuel Hartlib (ca. 1600-1662) and may have
helped pave the way for the Royal Society of London. Elsewhere, as in Christianopolis
and Theophilus (1649), Andreae proposed a program of educational reform aimed at boys
and girls alike, emphasizing hands-on experience and the development of observation and
recording skills.

The extent of Andreae’s involvement in Rosicrucianism remains controversial. His
Chemical Wedding of Christian Rosenkreuz (1616), an allegorical work with an
alchemical theme, is often claimed to be a Rosicrucian text, but from 1617 on he
distanced himself from the movement.
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Anthropology and Race

Anthropology was not an independent discipline during the Scientific Revolution. The
term referred to the science of man in general, and subjects that we would now call
anthropological were discussed by theologians, geographers, philosophers, physicians,
experts in Roman law, travelers, and others.

The influx of new information about the peoples of the world during the great age of
European expansion posed questions concerning differences of peoples and cultures in a
particularly urgent form. The accounts of travelers and missionaries (particularly the
Jesuits), varied widely in accuracy, but they were the most important sources of
information on other societies and were sometimes compiled into massive ethnographies.
All of this new information had to be fitted into a body of knowledge derived from the
Bible and the Greek and Roman classics. Writers traced the descent of foreign peoples
from Noah or argued that the natives of America were descendants of the ten lost tribes
of Israel. Lack of evidence meant decreasing credibility for the traditional monstrous
races, thought since classical times to inhabit areas remote from Europe—the one-legged
and headless races, among others—although some continued to believe in their existence
throughout the period.
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Regulorumant Principumin Virginiaeypus. I

One of the first drawings from life of
North American Indians by Theodore
de Bry. From De Bry’s Admiranda
narratio fida tamen, de commodis et
incolarum ritibus Virginiae (1590), a
Latin translation, with the original
plates, of Thomas Harriot’s A Briefe
and True Report of the New Found
Land of Virginia (1590).

Although significant, the category of race did not have the centrality for European
scientific thought at this time that it attained later. Religion remained the most important
way of categorizing peoples to most early moderns. A roughly fourfold division of the
world into Christians, Jews, Muslims, and “idolaters” was common, although the Jews
were increasingly seen as a race. African slavery was often explained and legitimated by
the non-Christian beliefs of Africans or by the biblical curse on the descendants of Ham.
Another common way of categorizing differences was the climatic theory that the
character of different societies was determined by their natural environments. Thus, the
darker pigments of Africans and Americans was due to their exposure to the heat of the
Sun. Some, such as the French essayist Michel de Montaigne (1533-1592), used the
experience of other cultures to argue against assumptions of European or Christian
superiority. Much more common, however, was the belief in the superiority of European
to other cultures.
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The most important intellectual debate on the subject of race was provoked by the
Spanish conquests in America. The question of whether native Americans had souls and
were, therefore, human (a position supported by the Catholic missionary orders) was
settled in the affirmative by a papal bull in 1537. Vigorous debate on whether Indians
were barbarians in the Aristotelian sense and, therefore, naturally slaves was carried on in
Scholastic terms during the sixteenth century in the Spanish universities, where the
Spanish conquests remained highly controversial. Both sides produced voluminous
treatises, one side stigmatizing native American societies, the other arguing that, since the
Aztecs and Incas had lived in urbanized and political societies, they were not barbarous,
merely idolaters in need of the Christian revelation. Although the opponents of natural
slavery won the debate, their influence on actual Spanish practice in the New World was
slight.
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Apian, Peter (1495-1552)

Inspired by his teacher, Viennese mathematician Georg Tanstetter, he became a leading
German editor and publisher of various works on geography and astronomy, including
the Sphere of Sacrobosco (ca. 1220), Georg Peurbach’s (1423-1461) New Theories of the
Planets (1454), and one of the first world maps to include “America” as the name of the
newly discovered continent.

Apian also proved to be a capable and popular author. From his first geographical
textbook—nhis Isagoge (Introduction, 1520) to his major works, the Cosmography of
1524 and the Astronomicum Caesareum of 1540—his books treated their subjects clearly
and simply and included cardboard instruments and diagrams with revolving pieces. His
textbooks proved extremely popular—particularly the later editions of the Cosmography
edited by Reiner Gemma Frisius (1508-1555)—and became the standard in European
universities for the rest of the century. They established Apian’s reputation and afforded
him the patronage of Emperor Charles V and a lifelong post as professor of mathematics
at the University of Ingolstadt.
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In addition to training the next generation of mathematicians, Apian contributed
greatly to the observation of comets and the development of improved instruments and
mathematical tools for cosmographical calculations. On the occasion of the great comet
of 1531 (later known as Halley’s), he was the first to report that a comet’s tail pointed
away from the Sun and became one of the first to

Peter Apian, from Paul Freher,
Theatrum virorum eruditione clarorum
(1688).

suggest the use of parallax theory to determine its distance from the earth. He also
designed an improved cross-staff for surveying and a new version of the quadrant for
determining the time of day and created the first comprehensive table of sines in spherical
trigonometry (according to each minute) designed to be used in calculating angular
distances.
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Apothecaries.

See Pharmacy

Archaeology and Antiquities

Archaeology (understood as the study of the human past through the scientific analysis of
material remains) had its origins in antiquarianism, but it was not until the mid-eighteenth
century that it really began to acquire its modern meaning. Although an awareness of, and
a historical interest in, the debris of previous cultures had existed in most civilizations of
the ancient and medieval worlds, it was the Renaissance that produced the first
sophisticated studies and collections of “antique” materials.

Antiquarianism as a subject, therefore, developed out of the collection from the
Renaissance onward of varied and disparate objects, which were displayed by gentlemen
in their “cabinets of curiosities.” In Rome, the papal rebuilding of the city led to exciting
discoveries of classical antiquities and their collection and recording by humanist
scholars throughout Europe. But these collections would often include natural-historical
objects such as fossils, and “anthropological” objects such as those gathered from the
natives of the New World, as well as antiquities such as coins and medals. As these
collections grew, attempts were made at sorting and ordering and at systematization and
classification. Important early collections, or “museums,” included those of the Dane Ole
Worm (1588-1654), variously a professor of Latin, Greek, physic, and medicine, and of
Elias Ashmole (1617-1692), who founded the Ashmolean Museum in Oxford.
Antiquarianism tended to form one of only a number of interests for gentlemen and
scholars. An atypical example was the German Jesuit scholar, collector, and polymath
Athanasius Kircher (1602-1680), who devoted himself to researching and publishing on
various studies, including optics, astronomy, philology, geology, theology, acoustics, and
mathematics, as well as antiquities. This eclecticism tends to characterize antiquarian
studies in the period of the Scientific Revolution.

Kircher’s interests included ancient Egypt, and he wrote a three-volume work,
Oedipus Aegyptiacus (1652-1654). As Egypt and the Near East was generally considered
to have been the source of all science, including mathematics, geometry, and astronomy,
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and civilization itself, great interest was taken in Egyptian antiquities and hieroglyphs in
the Renaissance and early-modern period. Through the Florentine humanist Marsilio
Ficino’s (1433-1499) translation of Plotinus’s Enneads, Egyptian hieroglyphs were
interpreted as a divinely inspired form of symbolic writing. It was believed that an
understanding of their meaning might provide understanding of ancient religious,
philosophic, and scientific knowledge. But scholars largely relied on Egyptian antiquities
brought to Italy by the ancient Romans or corrupt copies made by them. An early
“scientist” to actually visit Egypt itself was John Greaves (1602-1652), professor of
astronomy and mathematics at Oxford University, who in 1646 published
Pyramidographia: Or a Description of the Pyramids in AEgypt, the first treatise by an
Englishman solely concerned with Egyptian antiquities.

Antiquarian studies also became tied to the attempt to unravel the origins both of
nations and of the populating of the world. The European voyages of discovery
developed awareness of the human race’s presence throughout the world and led to
attempts to explain all human history, and the history of the earth, in terms acceptable to
the biblical account of Genesis. Several seventeenth-century European scholars made use
of synchronistic and euhemeristic theories. They looked to the past in their attempts to
explain the dissemination and subsequent corruption of true religion throughout the world
and suggested possible theories for the populating of the Americas and the Pacific. Their
work, in turn, influenced the work and ideas of other antiquarians with more local or
provincial interests.

Following the Reformation, there was also a growing concern with national origins
and identity, especially in Protestant countries attempting to distance themselves from the
authority of the Roman Church. In seventeenth-century England, some scholars tried to
form a clearer understanding of the origins of the nation and to trace the verifiable course
of English history through Saxon times. The first Antiquarian Society, which met in the
1580s and 1590s, showed a persistent concern with the beginnings of British institutions
and customs and, for this reason, met the opposition of James I, who feared that it might
undermine royal authority and the prerogatives of the king.

In the later seventeenth century, a number of Fellows of the Royal Society of London
took an interest in antiquarian subjects, submitting papers to its Philosophical
Transactions. A principal figure of the Scientific Revolution to pursue an interest in
history and antiquities of nations was lIsaac Newton (1642-1727), who devoted a
substantial amount of time to studying the history of religion and idolatry, and biblical
chronology. He believed that the ancients had known of the heliocentric universe and of
universal gravitation, as well as that all matter consisted of atoms. Newton thought that
these ideas had been expressed in their temples, which were built in the shape of the
universe, and in their myths and legends. Many of these ideas were taken up by Newton’s
acquaintance, the antiquarian William Stukeley (1687-1765), who developed them in his
own researches into the “Celtic” temples of Avebury and Stonehenge in Wiltshire,
England. Stukeley is one of the earliest examples of a scholar combining the physical
activity of fieldwork, excavation, and recording with the study of written historical
sources, marking the move toward modern archaeological techniques.
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Architecture

Before the seventeenth century, the discipline encompassed a wider sphere than it does
today; it included civil and military engineering, as well as building design and
construction. Vitruvius’s De architectura, the only architectural treatise to survive intact
from antiquity, treats clocks, hydraulics, and machines in addition to building. Vitruvius
(fl. 20s B.C.E.) suggests that his most significant contribution to architecture is his
treatise, in which he has collected the principles of the discipline. The Roman architect
advocates the open, written dissemination of knowledge and insists upon the importance
of bestowing credit upon past writers. He enumerates the disciplines in which the
architect should be trained and suggests that he should be experienced in both reasoning
(ratiocinatio) and construction (fabrica).

An extensive manuscript tradition of the De architectura points to medieval interest in
Vitruvius, but that era did not produce its own tradition of architectural writings. The
crowning achievement of medieval architecture was the Gothic cathedral. The teams of
masons who constructed these great monuments created plans by manipulating geometric
figures such as triangles and squares and put them into construction by using measuring
rods and instruments such as the level, square, triangle, compass, and straightedge.
Structural soundness was achieved through the mason’s practical knowledge of
construction with a variety of materials and under diverse conditions. Such practitioners
paid careful attention to signs of stress such as cracking in walls.

In late-medieval-early-modern Europe, princes, oligarchs, and city-states frequently
undertook large construction projects involving the redesign of urban space and the
building of great palaces, cathedrals, and other edifices, thereby helping legitimize their
political power. Such construction occasionally involved spectacular engineering
achievements, such as Filippo Brunelleschis (1377-1446) massive double-shelled dome
for the cathedral of Florence. More often, it entailed a new classicizing style of
architecture in which proportionate modules were duplicated throughout the building in
precise mathematical ratio to one another. From the mid-fifteenth century, the properly
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designed building came to be seen as a microcosm reflecting the mathematical
proportions of the universe itself. The discipline of architecture thereby joined the
material and the mathematical in a new relationship that informed both construction and
the cosmos.

This development was accompanied by the flowering of architectural authorship in the
fifteenth and sixteenth centuries. The new writings included independent treatises, first
and most important, De re aedificatoria (ca. 1450) by Leon Battista Alberti (1404-1472),
as well as commentaries on Vitruvius’s De architectura. Authorship facilitated the
written elaboration of architectural principles as it also raised the status of the discipline
from a mechanical to a liberal art. Although architectural authors embraced Neoplatonic
mathematics, they did not move away from the physical world but tended, rather, to bring
the material and the mathematical realms closer together.

Practitioners, such as Antonio Averlino, known as Filarete (ca. 1400-1462), Francesco
di Giorgio (1439-1501), and Andrea Palladio (1508-1580), and universitytrained men,
such as Alberti and Daniele Barbaro (1513-1570), undertook architectural authorship.
This textual tradition in both Latin and the vernacular languages pro-moted architecture
as a discipline that combined reason, mathematics, and construction, theory and practice.
The new literature treated machines and mechanical apparatuses as well as design and
construction of buildings.

In the sixteenth century, architecture and engineering split into separate disciplines
accompanied by the increased professionalization of the architect and military engineer.
No longer considered artisans, successful architect-engineers such as Francesco di
Giorgio acquired the patronage of princes and gained status and employment through
authorship as well as through concrete projects of construction and design.

Particularly through treatises and commentaries, architecture as a discipline
contributed to the construction of knowledge. It is perhaps no accident that one of the
canonical texts of the scientific revolution, Galileo Galilei’s (1564-1642) Two New
Sciences (1638), is set in the Venetian arsenal (an impressive site for the constructive and
military arts) and involves a lengthy mathematical analysis of the strength of beams.
Whereas Galileo’s solutions were often original, his application of Euclidean geometry to
material problems had many antecedents within the architectural traditions that preceded
him.

BIBLIOGRAPHY

Long, Pamela O. “The Contribution of Architectural Writers to a ‘Scientific’ Outlook in the
Fifteenth and Sixteenth Centuries.” Journal of Medieval and Renaissance Studies 15 (1985),
265-298.

Mark, Robert, ed. Architectural Technology up to the Scientific Revolution: The Art and Structure
of Large-Scale Buildings. Cambridge, MA: MIT Press, 1993.

Pérez-Gomez, Alberto. Architecture and the Crisis of Modern Science. Cambridge, MA: MIT
Press, 1982.

Wittkower, Rudolf. Architectural Principles in the Age of Humanism. London: Alec Tiranti, 1952.
4th ed. New York: Norton, 1971.

PAMELA O.LONG

See also Fortification; Wren, Christopher



Encyclopedia of the scientific revolution 58

Aristotelianism

The general approach to philosophy and the sciences taken by the followers of the ancient
philosopher Aristotle (384-322 B.C.E.). In the history of the Scientific Revolution,
Avristotelianism usually stands as the ancien regime. From the preeminent place in science
and philosophy he had held in the West since antiquity, after 1550 Aristotle generally fell
sharply in influence and reputation. Once known as the “master of those who know,”
Avristotle was first attacked, then dismissed, and finally neglected, while his followers
were often characterized by contemporary humanists and scientists alike as slavish, dull,
and pedantic. Yet, this judgment, too often taken up uncritically by historians of the
Scientific Revolution, conceals the real historical place of the study and interpretation of
Aristotle in the early-modern period and obscures the relation Aristotelianism bears to
modern science. Aristotelianism in general was not so much what opposed the new
science (though many Aristotelian positions were overturned by it) as the major
intellectual circumstance of its emergence.

Despite the singular name, Aristotelianism was never a monolithic philosophy, and
individuals characterized as Aristotelians, when looked at closely, are often found to have
had little in common beyond a knowledge of his works. In fact, Aristotle had so pervaded
Western intellectual life since antiquity that most thinking persons before 1600—and
many afterward—could, with much justification, be called Aristotelians.

The Middle Ages

Avristotle’s works constitute a comprehensive body of knowledge of astonishing scope
and unprecedented depth, treating almost all of the then-existing branches of knowledge
except medicine and mathematics. As the founder of one of the more influential schools
of thought in Greek antiquity, Aristotle exercised considerable influence in the centuries
following his death, especially in logic, where he was considered preeminent. Aristotelian
geocentric cosmology was incorporated to some extent into Greek mathematical
astronomy, culminating in the astronomy of Claudius Ptolemy (ca. 100-ca. 170), and
Aristotelian elemental theory was incorporated into Greek medicine in the works of
Galen (second century). In late antiquity, philosophers from Plotinus (205-270) to
Proclus (410-485) combined Aristotelian logic and philosophical concepts with a
Platonic-inspired metaphysics to produce a syncretic philosophy now called
Neoplatonism, which was the main channel for the transmission of Platonic thought into
the Middle Ages and a major influence on the interpretation of Aristotle. Neoplatonic
philosophy passed into Arabic following the expansion of Islam beginning in the seventh
century, and later Arabic physicians and philosophers, such as Avicenna in the eleventh
century and Averroes in the twelfth, became important commentators on Aristotle in the
Latin West.

In western Europe in the Middle Ages, when the full range of Aristotle’s works were
made available in Latin translation together with the Arabic commentaries, they
introduced whole new subject areas, gave content to subjects previously known only by
name, and displaced many earlier texts in existing subjects. By 1255, despite initial
opposition by some theologians, the works of Aristotle had become largely synonymous
with the undergraduate curriculum of the medieval university and fundamental to the
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study of medicine, law, and theology in the higher faculties. While hardly any issue
enjoyed universal agreement among the Scholastic Aristotelians, there was, nevertheless,
a body of assumptions and conclusions generally understood as having been held by
Aristotle, if not as necessarily true.

The Means to Knowledge

Avristotelian philosophy depends on logic. It was a logic of terms, in which one term (the
predicate) is said or predicated of another term (the subject) to form a proposition.
Propositions are, in turn, combined into inferences, or syllogisms, of the general form, if
Ais B, and B is C, then A is C. Aristotle identified and classified all of the valid forms of
syllogism, and he discussed the requirements for scientific demonstration—that is, for the
syllogistic proof of an effect through its proper cause, which was the aim and culmination
of Aristotelian logic.

Logic, the formal laws of thought, mirror reality. Reality, for Aristotle, consists of
individual substances that possess attributes. Certain attributes make a substance the sort
of substance it is and are called properties; others may or may not be present in some
particular substance and are called accidents. Substances may be immaterial—for
example, the prime mover (about which more later) and the human intellect—or material,
such as rocks, trees, and human beings. Whatever makes a substance that kind of
substance and no other is its nature or essence; this nature or essence is expressed in the
definition of the substance as its genus and specific difference. So, for example, the
definition of human being is “rational animal,” animal being the genus and “rational”
being the property that distinguishes this animal from all others. The Aristotelian method
in philosophy, then, consists in finding general and specific differences, distinguishing
them from accidents, and using the resulting definitions in syllogisms to arrive at new
conclusions. Although knowledge can be had only of universals and not of particular
things (which are only perceived by the senses), universals can be known only through
the sensible apprehension of particular things.

Natural Philosophy

The branch of philosophy concerned with material substances and their natures,
properties, and accidents is called natural philosophy, or physics. The other branches are
philosophy, or metaphysics, concerned with Being in general; mathematics, concerned
with the quantitative accidents of material substances; and practical philosophy—ethics,
economics, and politics.

Avristotle’s concern with hierarchy and classification led him to develop a long-lived
and influential taxonomy of animate beings. There were three general categories,
encompassing many genera and species, whose life functions were governed by “souls”
with differing properties: vegetative (such as in trees, shrubs, or plants), sensitive and
vegetative (as in animals possessing perception and mobility), and rational, along with
the other two, possessed only by humans.

All natural or physical substances are composites of matter (the subject) and form (its
attributes), though all have a third principle called potency, which is what the substance
could be but is not. Motion or change, possible only for natural, material, and spatially
extended substances, is the gradual passing of a substance from potentially having some
attribute to actually having it, or from actually having some attribute to lacking it.
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(Substantial change—the generation or the annihilation of a substance or the change of
one sort of substance into another—happens not gradually, step by step, but suddenly and
all at once and so is not motion but mutation.) All motion and change, then, is between
contraries, and the fundamental contraries are act (having the attribute) and potency (not
having it but able to). There are three kinds of motion or change, depending on the sort of
attribute acquired or lost: change of quality, change of quantity or size, and change of
place. Natural motions are motions that arise out of the nature of the material body: rocks
fall, plants grow, fire rises. Unnatural motions are imposed from the outside and in
opposition to the nature of the body and so are called violent or forced motions: the
motion of a stone thrown upward is violent motion, and it is opposed and eventually
overcome by the stone’s natural tendency to fall downward. This inherent tendency is
precisely the nature of the thing, the internal principle or source of its motion and rest.
The object of natural philosophy, then, is to grasp the natures, principles, and causes of
natural substances and of the changes that they undergo by nature.

For natural things, Aristotle distinguished four kinds of cause: the material cause (out
of which something is), the formal cause (what it is), the efficient cause (what made or
effected it), and the final cause (what its purpose or goal is). Each nature acts toward a
specific goal or end: rocks fall toward the center of the cosmos (which coincides with the
center of the earth); acorns grow into oak trees (not into pine trees or carrots); and men
are meant to enjoy happiness. Natures, for Aristotle, are goal directed or teleological, so
that the final cause or goal is the most important cause and often determines the others.

A number of Aristotle’s conclusions drawn from these principles were to prove
especially contentious among his ancient, medieval, and early-modern interpreters. For
instance, he argued that a void or vacuum is physically impossible because the speed of
any motion depends on the resistance to it: where the resistance is zero, as it would be in
a void, the speed would be infinite, which is impossible. Further, since size or extension
is a property of bodies, there is no such thing as empty space—just as there can be no
weight or any other property or accident without a body. Similarly, time, for Aristotle, is
not an independent physical reality but merely a measure of motion, and it is especially
identified with the motion of the primum mobile (see below).

Every motion, according to Aristotle, requires a cause distinct from the body moved.
The cause of forced motions is readily seen to be outside of the body undergoing the
motion. Bodies that move themselves, such as animals, move themselves part by part. In
an inanimate natural body, such as a rock, its motion is neither from the outside nor does
it move itself part by part. Still less is its nature (e.g., heaviness) the cause of its motion;
heaviness is merely the principle (the source or origin) of its motion, and the cause of that
motion is whatever made it a heavy body in the first place. Aristotle was also often taken
to have suggested that, since the tendency of heavy bodies to fall depends on their
weight, so will their speeds, so that the heavier body will fall proportionally more swiftly
than the lighter.

Aristotle argued that, since all motions must have a cause, there must be a first
motion—not first in time, because the cosmos, for Aristotle, always was and always will
be—but first in priority. And since all motions can never cease all at the same time (for if
they did they could never get started again), there must be at least one motion that never
ceases and that is perfectly uniform, regular, continuous, and circular motion. This is the
first motion, and the body that is so moved is called the first moved body, or primum
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mobile. Aristotle placed this body—a perfect sphere—on the outermost circumference of
the spherical cosmos, just outside the sphere of the fixed stars. The primum mobile must
itself be moved by something, but it is neither self-moved nor is it moved like a
projectile. For a projectile, according to Aristotle, is kept in motion by the various parts
of the medium (the air or the water) through which it passes and that are set in motion by
the body before it leaves the hand or sling that throws it. This sort of motion quickly
decays because it is caused by different parts of the medium and so is not absolutely one
and continuous. But whatever moves the primum mobile cannot itself be moved, for if it
were it would then also need a mover, and so on without end. Since all bodies are at least
potentially mabile, this mover, therefore, cannot be a body and so must be an immaterial
substance or intelligence. This, the unmoved mover, is called the prime mover, or
primum movens, and it moves the primum mobile not by any mechanical or material
connection but as final cause—that is, as its goal or purpose. In its uniform, continuous,
and eternal revolving, the primum mobile seeks to emulate the eternal, immaterial being
of the prime mover. With the prime mover, an immaterial substance, Aristotle has passed
beyond the bounds of natural philosophy and provided later Christian thinkers evidence
that his philosophy was consistent with belief in God.

Cosmology

The Avristotelian cosmos, then, is a huge sphere, with the earth, a tiny sphere, fixed at the
center. Surrounding the earth are the proper spheres of the other three elements: water,
air, and fire. Each of the four elements has its natural place, though, in fact, none is ever
found pure and each is always mixed with the others, in constant turmoil and motion—
moving up and down, increasing and decreasing, and altering in numerous ways. Since
all change, for Aristotle, occurs between two contraries, each of the four elements has
one from each of two pairs of fundamental contrary qualities: fire is hot and dry; air, hot
and moist; water, cold and moist; and earth, cold and dry. Their combinations and
mixtures give rise to all of the chemical and physical changes of the elemental world.

Concentric with the elemental spheres and containing them is the sphere of the Moon,
the first of the nine celestial spheres (the others are those of Mercury, Venus, the Sun,
Mars, Jupiter, Saturn, the fixed stars, and the primum mobile), Each of the planetary
bodies is fixed in its own sphere, which revolves from west to east at its own speed
around the earth, but each is assisted by a few additional spheres with different axes of
rotation to account for the apparent nonuniform and periodic retrograde motions of the
planets. The fixed stars, so-called because they never change their relationships to one
another, as do the planets, are all fixed on one sphere, which is the highest of the visible
spheres and the most regular in motion. It alone revolves from east to west, carried by the
perfectly regular motion of the primum mobile and carrying with it, in turn, all of the
lower spheres. This system of concentric spheres is called the homocentric cosmos, since
all of the spheres have the same center.

The celestial spheres and the luminous celestial bodies they carry cannot be made of
any of the four elements, since the elements possess contraries (hot and cold, wet and
dry) and move naturally with contrary motions (e.g., up and down). But the heavens
move only with circular motion, which has no contrary. Thus, they must be composed of
some fifth element or essence that is without contrary and to which circular motion is
natural. This fifth essence is called the quintessence, or ether. In a similar way, Aristotle
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reasoned that the heavens are unique, all-encompassing, ungenerated, incorruptible, and
incapable of any motion or change, alteration, increase, or decrease other than their
regular, circular motion. Beyond the cosmos there is nothing—no body, no space, no
emptiness, just nothing.

Scholastic Aristotelianism

From the thirteenth century on, there was an alliance of sorts between Aristotelian
philosophy and Christian faith, but it was never without controversy. Most of the
conclusions of Aristotle seen as contrary to Christian doctrine (such as the mortality of
the human soul and the eternity of the world) were resolved, and Aristotelian principles,
in turn, were used to great effect in explaining mysteries of the faith such as the Trinity
and the Eucharist. These tendencies reached their zenith in the synthesis of Thomas
Aquinas (d. 1274), in which the natural knowledge of Aristotle and the revelations of
Christian faith were reconciled as two complementary ways of knowing the world and its
Creator. Most medieval philosophers and theologians did not go so far, however, and
though few rejected Aristotle outright as useless or even dangerous for Christians, none
accepted his teachings uncritically.

The Scholastic method of the medieval university was, above all, a method of critical
and exhaustive questioning and examination. The characteristic forms this took were the
commentary and the question, in which many of Aristotle’s positions were extended,
qualified, or rejected, as often on the grounds of reason and experience as of faith.
Scholastics in the late thirteenth and early fourteenth centuries questioned Aristotle’s
accounts of the cause of projectile motion and discussed the possibility of an actual void
and the behavior of moving bodies in it, the possibility of an infinite cosmos, multiple
worlds, and the motion of the earth, all of which were directly contrary to Aristotle’s
positions. For all of this speculation, Aristotle nevertheless served as the common
foundation, although the superstructures built on it were often very un-Aristotelian.

The Renaissance

In the early fourteenth century, at the same time that Scholastic philosophers and
theologians were submitting Aristotle to this vigorous and critical examination, another
kind of scholar was beginning to give new attention to ancient Greek and Latin literature,
history, ethics, politics, and rhetoric. The humanists, as they are called, sought to recover
the wisdom of the ancients by recovering their ancient texts from the distortions of
commentators and translators and by studying them in historical context. Their goal was
less the search for theoretical truth than the cultivation of practical wisdom. The humanist
program thus complemented the curriculum of the university by taking up literary and
historical texts that held little interest in the advanced Scholastic curriculum but opposed
the Scholastic method, with its highly technical terminology and its emphasis on logical
distinctions, disputations, and objective truth.

The opposition of the humanists to Scholasticism, however, entailed an opposition
neither to Aristotle nor to Christian faith. Rather, humanists launched virulent attacks on
Latin Scholastics for their quibbles and logic-chopping, as well as on the followers of the
infidel Averroes, who introduced both irreligion and barbarous Latin into philosophy. But
Aristotle, the saying went, also wrote in Greek, and he received more attention from
humanist editors and printers than perhaps any other Greek author. This, together with his



The encyclopediaA-Z 63

still-dominant place in the university curriculum and among almost everyone with any
claim to learning, made Aristotle one of the most frequently printed ancient authors in the
Renaissance. Between 1450 and 1600, three thousand to four thousand editions of
Avristotle were printed, while the same period saw fewer than five hundred editions of
Plato (428-348 B.C.E.).

In their search for all things Greek, humanist scholars also recovered and translated
the ancient Greek commentaries on Aristotle, and these works, often highly critical of
Aristotle’s doctrines, were avidly taken up by many university Aristotelians to be used
alongside the commentaries of Averroés and the Latin Scholastics. Thus, while the works
of Aristotle remained at the core of undergraduate teaching at the sixteenth-century
university, the method and the content of the teaching were changing. The scope and the
variety of Aristotelianism in the sixteenth century defy summary, though two strands
deserve special attention: Paduan Aristotelianism and the Aristotelianism of the Jesuits.

Very soon after its formation in the thirteenth century, the university at Padua emerged
as a prominent center for the study of medicine. The arts curriculum, in which the works
of Aristotle were predominent, was studied there primarily in preparation for medicine
rather than for theology as at Oxford and Paris. This, together with the fact that the
masters of arts at Padua, Bologna, and other northern Italian universities were more often
seculars than clerics or regular friars (Franciscans or Dominicans), meant that the study
of Aristotle was largely independent of theological concerns. Averroes was especially
favored by Paduan masters from the thirteenth century, while later masters in the early
sixteenth century were among the first to use the newly recovered Greek commentators.
In general, the treatment of Aristotle at Padua and other Italian universities among the
secular masters was more naturalistic, empirical, and secular and less theological than
elsewhere, and the general goal was a better understanding of nature and the world
through the exercise of reason and the correct reading of Aristotle independent of
Christian doctrine.

This led some Aristotelians to assert controversial conclusions: in the early sixteenth
century, for example, Pietro Pomponazzi argued that Aristotle had held the human soul to
be mortal and that its immortality could not be proved in philosophy despite its truth in
faith. Cesare Cremonini (1550-1631), professor of natural philosophy at Padua, defended
himself before the Venetian Inquisition against charges of religious heterodoxy by
asserting that he was paid to teach what he understood Aristotle to have meant.
Cremonini used a similar argument to explain why he did not need to look through
Galileo Galilei’s (1564-1642) telescope: he preferred to rely on Aristotle’s account of the
heavens. In contrast was Jacopo Zabarella (1533-1589), Cremonini’s predecessor, who,
citing Aristotle as his example, claimed always to have appealed to reason and experience
over any authority, even that of Aristotle himself.

Paduan Aristotelians are credited with developing Aristotle’s logic of demonstration
into a scientific method of discovery and proof, in which one first reasons from effects
back to their causes (resolution), and then from those causes back to the effects
(composition). John Herman Randall (1961), in particular, has argued that this twofold
method of resolution and composition, called regressus (or the demonstrative regress),
was the forerunner of Galileo’s scientific method.

In contrast to the secular bent of the Paduan Aristotelians, the Order of the Society of
Jesus, established in 1540, enlisted Aristotle into the service of the Catholic Church to
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combat heresy and the Protestant Reformation. Its members instituted a rigorous and
intellectually disciplined curriculum for the numerous colleges they founded throughout
Europe in the sixteenth century, among which the Collegio Romano in Rome and the
College Royal in Paris are the most notable. This curriculum was founded on Aristotle in
logic and philosophy and Thomas Aquinas in theology. Jesuit lecturers published works
on logic, natural philosophy, and metaphysics that were widely influential, and a set of
commentaries on all of the logical and natural works of Aristotle was assembled and
published by Jesuits in an ambitious attempt to provide a complete and exhaustive aid to
the study of Aristotle. These commentaries were reprinted well into the seventeenth
century and were widely read outside Jesuit colleges. William A.Wallace (1992) has
argued that Galileo owed his knowledge of regressus and his mature scientific method
not to the School of Padua but to Jesuit lectures on Aristotelian scientific demonstration.

One pseudo-Aristotelian text merits special attention: the Mechanical Problems, or
Questions on Mechanics. Recovered in the late fifteenth century, this brief treatise was
edited and translated by humanists and printed in all of the major editions of Aristotle’s
works. It was the only mechanical text taught at a sixteenth-century university; Galileo
was one of several professors who lectured on it at Padua. The Mechanical Problems was
by far the most influential work on mechanics until it was displaced in the late sixteenth
century by Archimedes and the works he inspired, though commentaries were written on
it well into the seventeenth century. Its attribution to Aristotle, though always doubtful,
lent the Mechanical Problems authority and helped establish mechanics as a theoretical
and mathematical science.

The Decline of Aristotle

The reasons for the decline of Aristotelianism are numerous and complex. Most obvious
were new scientific discoveries and conclusions that called Aristotle’s science into doubt,
such as the discovery in the 1570s that comets and novae were in the allegedly
unchanging supralunar realm, and Johannes Kepler’s (1571-1630) demonstration in the
early seventeenth century that the planetary orbits were not homocentric and their
motions were neither uniform nor circular. Galileo’s telescopic observations of
mountains on the Moon, the moons of Jupiter, and sunspots also broke down Avristotle’s
distinction between the terrestrial and the celestial realms and opened the way for a new
physics that applied everywhere. Galileo refuted many of Aristotle’s conclusions (or
reputed conclusions) about the fall of heavy bodies and projectile motion, and the
principle of inertia directly challenged Aristotle’s proposition that everything that moved
must have a mover. Experiments with the barometer and the air pump cast doubt on
Aristotle’s denial of the possibility of a vacuum. The mechanical philosophy emerging in
the seventeenth century proposed alternative concepts of matter and tended toward
rejection of Aristotle’s fourfold concept of causality, retaining only the efficient cause.

In university education, the teaching of Aristotle’s books by commentary and question
gave way to new humanist methods of teaching and new or expanded subject areas,
especially mathematics, classical literary and historical studies, and the study of other
ancient philosophers, especially Plato, Epicurus (341-271 B.C.E.), and the Stoics. Non-
Avristotelian and even anti-Aristotelian natural philosophies were proposed by Girolamo
Cardano (1501-1576), Bernardino Telesio (1509-1588), and Francesco Patrizi (1529-
1597), to name only a few. Humanist theologians, such as Erasmus, turned away from
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Avristotle-based scholastic theology to a simpler, practical Christian wisdom based
directly on the Gospels and the Fathers of the Church, and many Churchmen, both
Catholic and Protestant, looked with suspicion on the claims of secular philosophers in
general and of Aristotle and his followers in particular.

Even in logic Aristotle did not remain unchallenged: newly recovered Stoic texts
offered a propositional logic to vie with Aristotle’s syllogistic, while Petrus Ramus
(1515-1572) developed what he claimed was a new logic to replace Aristotle’s.
Mathematicians such as Christopher Clavius (1538-1612), Francesco Maurolico (1494—
1575), Federico Commandino (1509-1575), and Galileo began to recognize that
Avistotle’s syllogistic method did not extend to the axiomatic-deductive method of Euclid
and Archimedes. Francis Bacon (1561-1626) even proposed what he thought was a new
method for the sciences explicitly to replace Aristotle’s. Aristotle was not the only
authority to fall in the general challenging of established powers and authorities: when
the Royal Society of London adopted as its motto the phrase nullius in verba (“on the
word of no man”) from Horace (65-8 B.C.E.) its members were merely repeating what
had by then become a commonplace posture: | carry a brief for no master. In an age of
political absolutism and religious dogmatism, the critical spirit of inquiry cultivated by
Aristotle and the best of his followers eventually turned against him, and Aristotelianism
as a system of philosophy and as a way of understanding the world began to crumble
under the assault.
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Arnauld, Antoine (1612-1694)

A French theologian and philosopher, Arnauld was the most important and well-known
intellectual associated with the Jansenist community at Port-Royal, as well as a staunch
and orthodox champion of Cartesian philosophy. In his theological writings, Arnauld
defended the Augustinian doctrine of efficacious grace, according to which a person’s
salvation is not earned by his or her own acts but granted by the irresistible grace of God.
In addition to his role in the theological controversies surrounding Jansenism, Arnauld
was also constantly engaged in philosophical disputation and was regarded as one of the
sharpest and most philosophically acute thinkers of his time.

His influence on several major philosophers of the period resulted mainly from his
penetrating criticism of their systems. In 1641, Arnauld was asked to comment on René
Descartes’s (1596-1650) Meditations. The objections he sent—regarding, among other
topics, the representational nature of ideas, the circularity of Descartes’s proofs for the
existence of God, and the apparent irreconcilability of Descartes’s conception of material
substance with the Catholic doctrine of Eucharistic transubstantiation—were considered
by Descartes to be the most intelligent and serious of all. Arnauld offered his objections
in a constructive spirit and soon became an enthusiastic defender of Descartes’s
philosophy, regarding it as beneficial both to the advancement of human learning and to
Christian piety. He supported the mechanistic program in natural philosophy but was
concerned to ensure that it be consistent with the proper understanding of God’s freedom,
omnipotence, and providence.

In 1662, Arnauld composed (with Pierre Nicole) La logique, ou I’art de penser (Logic;
or, The Art of Thinking), also known as the “Port-Royal Logic,” an influential treatise on
language and reasoning. After several decades of theological polemic, during which he
fled France in exile to the Netherlands, Arnauld resumed his philo sophical activities with
a number of works attacking Nicolas Malebranche’s (1638-1715) theology and its
philosophical foundations, as well as a fruitful philosophical correspondence with
Gottfried Wilhelm Leibniz over metaphysics and the concept of substance.
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Art

The visual arts in particular played a crucial role in developing the early-modern
understanding of the natural world. By their nature, the visual arts concern themselves
with sensory phenomenon (light, color, form). It is in the art of the Renaissance,
however, that one discerns an interest in the operations and the details of nature unlike
that of preceding centuries. Characteristic of Renaissance interest is a stress on empirical
observation allied with a desire to harmonize those observations with underlying
principles. Giorgio Vasari (1511-1574), the artist and biographer of artists, singled out
these characteristics in his Lives of the Artists (1550) when he praised the “accomplished
artists” that preceded him for “setting themselves to the intelligent investigation and
zealous imitation of the true properties of the natural world.” Verisimilitude achieved
through observation of “the true properties” and conformity to nature’s laws were the
goal of the artists.

From the thirteenth century, artists had shown an increasing interest in capturing the
details of the natural world in a sometimes serious, sometimes playful fashion (as
manuscript illustrations testify), but increasingly the trend was toward naturalistic
illusionism, particularly in painting. Although this trend was marked both in Italy (where
Giotto [1266/1267-1337] is accepted as the pioneer) and north of the Alps, the emphases
were different.

North of the Alps, the emphasis fell on the accumulation of almost microscopically
observed, accurately depicted detail and on the use of light to achieve concreteness and
spatial unity. Rendering of both detail and light was facilitated by the development of
painting that allows a depth of color and a lucidity not to be achieved in tempera. The
works of fifteenth-century Flemish painters, notably those of Jan Van Eyck (1390-1441)
and Rogier Van der Weyden (1399/1400-1461), possess a kind of documentary quality
derived from intense focus on the material details of bourgeois life and personality
coexisting with a mysterious solemnity conveyed through the use of clear but gentle
light—they treated domestic detail as both real and sublime. Artists used empirical
observation to convey not only information about the visible world, but also invisible
significance. The metaphysical use of light corresponds to latemedieval scientific
understanding of light as the medium of grace.

Italian artists of the same period turned their interests in another direction. In Italy,
artists concentrated on harmonizing optics and geometry with naturalistic representation.
The artistic method for achieving verisimilitude in accordance with mathematical
principles is linear perspective, the pictorial invention by which Renaissance art is chiefly
known, Filippo Brunelleschi (1377-1446), a Florentine goldsmith, engineer, and
architect, is acknowledged as the inventor of linear perspective. Brunelleschi made his
first perspective demonstration in 1425 in two small paintings of Florentine landmarks.
His demonstration was followed quickly by the experiments of other artists, one of the
earliest and most significant being Masaccio’s Trinity (1426) in the Church of Santa
Maria Novella. Subsequently, several influential treatises describing the perspective
method and formulating its theoretical principles appeared. Probably the most well-
known early theoretical discussion appears in Leon Battista Alberti’s (1404-1472) On
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Painting (1455). Lorenzo Ghiberti (1381-1455) and Piero della Francesco (ca. 1420-
1492) also wrote treatises on perspective construction and theory.

The importance of linear perspective to earlymodern science has long been
acknowledged, as has the significance of the visual model for exploring and
understanding the natural world. The significance for artists and scientists was that
perspective seemed to derive from and obey the principles of Euclidean geometry and
optics. Renaissance painters and theoreticians were convinced that linear perspective
corresponds with mathematical truths and is consonant with visual perception: a picture
in linear perspective is a true approximation of reality.

The invention or development of a mode of representation that allows a “true” image
of the visible world has important ramifications for the development of observational
science. Perspective creates the illusion of three-dimensionality on a two-dimensional
surface, making objects appear to be drawn or painted in the round. Moreover, by
rationalizing pictorial space, perspective provides a mode for depicting objects in correct
relationship to each other as they appear to the viewer. The concept of relationship
between the viewer and the objects viewed is important for understanding the influence
of the perspective mode. The perspective picture is represented as a view through a
window into which the static viewer gazes. The convincing quality of perspective
depends on a relationship between the fixed vantage point of the viewer and the scene
being viewed: the eye of the artist/viewer determines the relationship among objects as
they advance or recede in space. Perspective sets up an objective view, with the observer
standing outside and looking into the scene under scrutiny. Linear perspective is an
excellent method for the demonstration of the details of the natural world.

The convergence of art and science in the fifteenth and sixteenth centuries is
attributable to several interrelated factors. An intense interest in natural phenomena and
the search for pattern and underlying principles have been discussed. Another factor was
the blurring of boundaries between practice and theory, craft and art. An
interchangeability of interests and a renunciation of disciplinary or academic definitions
characterizes the work of the most well-known artist-scientists and theorists. Men trained
in craft traditions and those pursuing humanist studies were deeply interested in the
application of knowledge to practical problems. Brunelleschi was trained as a goldsmith
and became an architect; Alberti had studied law but was devoted to the pursuit of his
interests in art theory and architecture. Many artists undertook the study of anatomy to
make their art more rational and realistic. Leonardo da Vinci (1452-1519) and
Michelangelo (1475-1564) are only the most wellknown artists-anatomists. Da Vinci
also experimented in, and theorized about, hydraulics, engineering, geology, and optics
and developed techniques for atmospheric perspective. Albrecht Durer (1471-1528), who
merged the traditions of German art with the classicizing focus of Italian art (learned
during two visits to Venice), undertook detailed nature studies, wrote treatises on
measurement, perspective, and human proportion, and made important contributions to
perspectival printing and engraving.

Renaissance artists and theorists approached their studies of nature via the
authoritative texts of classical antiquity and by means of empirical observation. Their aim
was to be factual, detailed, and exact in their discovery of natural laws and in their
translation of the observations according to mathematical principles.
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It is not insignificant to art and science that perspective and printing developed at the
same time. Perspective would become a very important tool for scientific illustration, and
the printing of perspective woodcuts and engravings resulted in an unprecedented
dissemination of observations and theoretical drawings.

In the first decades, printed pictures lacked the subtlety and depth to make them real
descriptions of the visible world, but, after about 1520, artists, form cutters, and
engravers had invented means for making true pictorial illustrations of the verbal text.
These illustrators translated the techniques of perspective and chiaroscuro from drawing
and painting, thereby allowing the possibility of conveying accurate and detailed visual
information. By the middle of the sixteenth century, there were any number of technical
and scientific books on the market, each containing large numbers of sophisticated
printed illustrations. Subject matter ranged from geometry, engineering, and ballistics to
botany, zoology, and, of course, anatomy.

Direr’s treatises on measurement and proportion, Treatise on Measurement (1525)
and Four Books on Human Proportion (1528), were followed by other essays
demonstrating how the human body conforms to geometrical natural laws.

The life sciences were represented by the work of Pierre Belon (1517-1564) in La
nature et diversité des poissons (1551) and Portraits (1557), Guillaume Rondelet (1507-
1566), and Conrad Gessner (1516-1565). Gessner’s work was multifaceted and grew
from his humanist and medical education. In 1551 he published his encyclopedic
Historiae animalium, an illustrated zoological compendium based on both ancient and
contemporary sources. At his death in 1565 he was preparing his Historia plantarum, for
which he had drawn and colored more than fifteen hundred plants to be made into
woodcuts.

Botany, a part of medical education, entered a new theoretical phase as illustrated
books spread knowledge of plants from Europe and the Americas. Sixteenthcentury
scholars worked closely with artists and form cutters to visualize their syntheses of
ancient texts and empirical observation. In 1539 the artist Hans Weiditz (fl. 1500-1536)
collaborated with the physician Otto Brunfels (ca. 1489-1534) to produce the three-
volume Herbarum vivae eicones (1530, 1532, 1536) and its German translation,
Contrafayt Kreuterbuch, with more than 230 illustrations.

Perhaps the most well-known connection between art and science resulted from the
anatomical studies of both artists and medical humanists. The detailed depiction of a
skeleton at the base of Masaccio’s Trinity suggests that the artist had made some kind of
study of anatomical structure. Vasari attributed the accuracy of Antonio Pollaiuolos
(1431-1498) rendering of the human body to his participation in dissections. Although
the source of Pollaiuolo’s anatomical knowledge is contested, engravings such as Battle
of the Ten Naked Men, printed in the 1470s, were a source of knowledge for other artists.
Both Leonardo da Vinci and Michelangelo made empirical anatomical studies based on
dissection.

The most famous of Renaissance anatomical texts, Andreas Vesalius’s (1514-1564)
De humani corporis fabrica, was published in 1543, two years after Michelangelo
completed his Last Judgment in the Sistine Chapel. The more than two hundred
woodcuts, designed by Jan Stefan van Calcar (1499-ca. 1546), are the result of a
collaborative effort whereby new anatomical knowledge and the artistic developments of
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the previous century were united in a work that combined aesthetic and pedagogical
value.

Although the artistic innovators of the fifteenth and sixteenth centuries may have
begun with a desire to “restore” art to its ancient status as a mirror of nature, they, in
effect, developed a new way of imagining space. The ability to imagine and picture
“Cartesian space” (i.e., a three-dimensional infinite space) from the viewpoint of an
observer situated outside the milieu of the observed had philosophical,
phenomenological, and political ramifications: the eye of the observer became
“objective.”

The political nature of the objective gaze continues to be the subject of discussion and
debate. It remains in question to what extent the transformation of natural phenomena
into objects for scrutiny and metaphorical (or actual) dissection may be an innocent mode
of perception. Nevertheless, the relationship between the work of those artists whose
interests escape the boundaries of their craft traditions to range over the mathematical and
life sciences, and the development of modern scientific understanding, is clear and
uncontested.
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Ashmole, Elias (1617-1692)

Antiquarian, astrologer, and alchemist. After legal training in London, he settled at
Oxford, where he studied mathematics, astronomy, and astrology. During the Civil War,
Ashmole, who was a Royalist, was associated both with the Royalist astrologer and
mathematician George Wharton (1617-1681) and the Parliamentarian astrologer William
Lilly (1602-1681), who became his lifelong friends.
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His marriage to Lady Manwaring provided him with a steady income, which made it
possible for Ashmole to pursue his antiquarian interests and to collect books and
scientific instruments. Ashmole studied alchemy under William Backhouse (1593-1662),
and in 1650 he published the Fasciculus chemicus, a translation of works of

From Elias Ashmole, The Way to Bliss
(1658).

Arthur Dee (1579-1651). In 1652 he published Theatrum chemicum Britannicum, a
collection of verse alchemical works, to which he added Prolegomena and notes. In the
Prolegomena, he conceived alchemy as part of the ancient wisdom, which the Druids had
shared. For Ashmole, astrology, magic, and alchemy were the key to unlock the secrets of
nature.

Ashmole’s commitment to astrology and alchemy did not prevent him from cultivating
experimental knowledge. He developed a keen interest in botany, especially in the
medical uses of plants, and, under the influence of Thomas Wharton (1614-1673), he
studied anatomy. Ashmole was a very early member of the Royal Society, but his
scientific contributions were negligible.

Ashmole was a man of encyclopedic knowledge, and his collections of books,
manuscripts, and scientific rarities were offered to the University of Oxford, where they
became the first English public museum, which opened in 1683. The Ashmolean
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Museum, which was equipped with a laboratory, played a prominent part in Oxford
science.
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Astrolabe

The planispheric astrolabe is the archetypal scientific instrument because of its antiquity
and remarkable sophistication. It is a flat, circular brass instrument, which embodies a
stereographic projection of the earth and of the hemisphere of the heavens. The point of
the projection is nearly always the South Pole, and the plane of the projection the equator.
The user can take an altitude measurement of the Sun or a star with the sighting device
(alidade) on the back, and set the position of the Sun on the front or the pointer for the
selected star on the celestial part (rete), over the appropriate altitude circle on the
stereographic plate, representing the earth. The combination gives the configuration of
the heavens at the time the sighting is made at a particular location on the earth.

Basically used for telling the time either by the stars or by the Sun, the astrolabe has
an additional function as an analogue computer, important for solving mathematical
problems. It had a great variety of applications in astronomy and astrology, in which it
was used to determine the positions of the heavenly bodies at a chosen time and date, and
in the professions of surveying and navigation.

The astrolabe was introduced to Europe through Spain at the time of the Islamic
invasions in the tenth century. With the Christian reconquest of Spain, knowledge of the
astrolabe penetrated medieval Europe during the eleventh century, and craft centers were
established by the thirteenth in France, Germany, the Low Countries, and England. The
Treatise on the Astrolabe written in 1391 by Geoffrey Chaucer, the English literary
figure, is an excellent introduction to the use of the instrument.

The European university arose from the cathedral schools during the twelfth century,
and by 1350 thirty
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A sixteenth-century astrolabe of gilded
copper plate. Courtesy Whipple
Museum of the History of Science,
Cambridge, England.

existed. Science was taught in the arts faculties as part of the “quadrivium”: arithmetic,
geometry, astronomy, and music. The astrolabe had, at that time, an obvious role in such
teaching, which encompassed astrology, since, in the medieval cosmological view, the
planets ruled the life of mankind. By 1500 the number of universities had increased to
seventy, which explains the fifteenth-century increase in astronomical texts and in the
making and use of astrolabes and associated instruments. Examples have survived of
fairly simple and small astrolabes that were made at that period in Germany for aspiring
scholars.

The Renaissance craftsmen of the sixteenth century made large astrolabes, 1-2 feet in
diameter, for greater accuracy in measuring angles. To avoid cutting projections for a
sequence of latitudes on several plates, the “universal” projection was invented. Thus, a
single projection on the north-south plane of the globe could be marked with the positions
of thirty or more stars, making the astrolabe lighter, quicker to produce, and less
expensive.

The finest astrolabes were produced between 1540 and 1590 at Louvain in the Low
Countries, where the most skilled craftsmen were Thomas Gemini (fl. 1524-1562), who
moved to London; Gerard Mercator (1512-1594), the map and globe engraver; and
Walter Arsenius. Other craft centers were in Nuremberg, Florence, and Prague. After
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1600 the astrolabe was made obsolete by new observatory instruments, calculators, and
accurate clocks.
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Astrology

According to Ptolemy (ca. 100-ca. 170), the science of the stars had two parts: the
theoretical and the practical. In the seventh century, Isadore of Seville gave these parts
the different names of astronomy and astrology. At this time in western Europe, however,
neither astronomy nor astrology was very much studied. Moreover, throughout the
Middle Ages and into the early-modern period, the two terms were often used
interchangeably. Only in the twelfth century, with the revival of classical learning and the
translations of Greek and Arabic philosophical texts, did the science of the stars become
once again of major interest to western scholars. At this point, Aristotelian philosophy
began to dominate the schools, and Aristotle’s view of the cosmos underlay the study of
the heavens. In particular, Aristotle’s (384-322 B.C.E.) concept that all existence
depended on immutability and eternity, which are in the empyrean, suggested to the
medieval reader that knowledge of the heavens could give the student special insight into
occurrences on Earth, including foreknowledge of future events.

There are three basic parts of traditional astrology. The first is what we would call
astronomy proper, the mathematical computation of the positions of the various heavenly
bodies. In the geocentric system, there were seven planets. Measured by the lengths of
their presumed orbits around the earth, they were the Moon, Mercury, Venus, the Sun,
Mars, Jupiter, and Saturn. The Sun seemed to make an annual orbit along the ecliptic
through the fixed stars that became the constellations of the zodiac: Aries, Taurus,
Gemini, Cancer, Leo, Virgo, Libra, Scorpio, Sagittarius, Capricorn, Aquarius, and Pisces.
Until Tycho Brahe (1546-1601) proved otherwise, comets were thought to be sublunar
phenomena, and their appearance had to be noted. Even after astrologers began to accept
the heliocentric system, astrology was earth centered because it focused on how the
heavens affected the earth; it did not matter whether the Sun went around the earth or the
earth went around the Sun. Thus, they could still use the apparent movement of the Sun.
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As new planets and asteroids were discovered in later centuries, astrologers readily added
them to their calculations.

Next, the apparatus had to be calculated from the movements of the heavenly bodies.
The zodiacal signs, which are each 30°, are divided into three decans of 10°, and three
signs forming an equilateral triangle constitute trigons or triplicities. The angles formed
by the light of two planets are called aspects. The major aspects—conjunction (0°),
opposition (180°), trine (120°), square (90°), sextile (60°)—were established by Ptolemy;
the earliest minor aspects—sesquiquadrate (135°), quintile (72°), biquintile (144°)—were
derived from Johannes Kepler’s (1571-1630) writings, the only part of his attempt to
reform astrology that was accepted generally by astrologers. Other aspects, the quincunx
(150°) and semisextile (30°), were added later. Astrologers also divide the sky into
twelve sections apart from the zodiacal signs, which they call houses; no universally
accepted method of making this division has ever been established.

Finally, astrology involves interpretation. The houses, for example, traditionally
represented the self, possessions, siblings, parents, children, health, marriage, legacies,
duty, career, benefits, and difficulties. The signs of the zodiac and each of the “planets”
had special characteristics attached to them. Aspects could be good or bad, or, in the case
of conjunction, they depended on the nature of the “planets” involved. Each sign was said
to be ruled by a planet, but, in the second and third decans (groups of ten zodiacal
degrees), the sign was ruled by the ruler of its partners in the triplicity. Triplicities were
associated with one of the elements—earth, water, air, or fire. Comets were portents of
evil. Predictions were also made through progressions, a system whereby each day
following the natal chart represented a year in the subject’s life.

Traditional astrology was divided into natural astrology and judicial astrology. Natural
astrology dealt with the weather and medicine. Astrology was the most successful means
of forecasting the weather in the latemedieval-early-modern period. Farmers used these
forecasts to make decisions about planting, and merchants were anxious to know of any
impending storms before sending their ships out, so astrology was considered useful to
the economy. Of course, these forecasts had mixed results. In 1499 the influential
astrologer Johann Stéffler (1452-1531) published Ephemerides, in which he predicted
that multiple planetary conjunctions in the sign of Pisces during 1524 would produce a
second great flood on February 25. This prediction produced widespread consternation,
but there was not even a minor storm on that date. On the other hand, Kepler, who kept
careful records of his weather predictions and was proud of their relative accuracy,
predicted a terrible hailstorm for March 1, 1609, from a conjunction of Jupiter and Mars
in the sextile of the Sun and Mercury, which, he observed, came to pass as predicted.

Physicians generally believed that the heavenly bodies influenced both individual and
public health. They checked birth charts to study the physical and emotional constitution
of the patient, much as the modern physician uses a case history. They studied the
heavens so that they would know when to administer certain treatments because, for
example, they believed that bleeding was affected by the phases of the Moon. They
would use astrology to predict the course of a disease, especially to watch for “critical
days,” times at which the disease would undergo a significant change. In fact, physicians
like Robert Fludd (1574-1637) considered it more important to watch the stars than to
watch the patient. Astrology was also used to predict and explain the occurrence of
epidemics. The Medical Faculty of the University of Paris explained the Black Death of
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1348 by the fact that on March 20, 1345, at 1 p.m., there was a conjunction of Saturn,
Jupiter, and Mars in the sign of Aquarius; a conjunction of Saturn and Jupiter is believed
to cause disaster, and a conjunction of Mars and Jupiter to cause pestilence, while
Aguarius is considered a carrier associated with the element of air.

Judicial or divinatory astrology involved readings of personal characteristics and
predictions of human events. In the late-medieval-early-modern period, there were four
categories of judicial astrology. General predictions were based on future movements of
the heavenly bodies and dealt with society as a whole. Nativities, more commonly known
as horoscopes, were maps of the sky at the moment of birth. These would give
information about the person’s innate character and predispositions. In his 1608
horoscope of Count Albrecht von Wallenstein, the notorious general who switched sides
in the middle of the Thirty Years War, Kepler wrote that Saturn on the ascendant in his
birth chart showed that he was untrusting and untrustworthy and scorned human laws and
religion, while the low Moon made him prejudiced and contemptuous and without
sympathy toward others. Astrologers became advisers particularly because of the
category of elections, or deciding the right moment to undertake a certain action. Queen
Elizabeth I consulted with John Dee (1527-1608) about the most propitious time for her
coronation, and she did, indeed, have a successful reign. Pope Julius Il not only fixed the
day of his coronation but also the day for his return from Bologna in consultation with his
astrologers. The most controversial category of judicial astrology were the horary
questions. This category did not come from the “classical” astrology of Ptolemy but was
developed by Arab astrologers. In this category, it was assumed that the astrologer could
answer any question by considering the heavens at the exact moment the question was
asked, under the assumption that that moment represented the birth of the question and
worked the same way as the nativity.

Early astrology flourished in Hellenistic culture, when it was nurtured by the fusion of
Mesopotamian, Egyptian, and Greek thought, but the Romans regarded it with
ambivalence. In the early Christian centuries, it was identified with pagan worship and
was opposed by the Church. Saint Augustine’s (354-430) condemnation of astrology
made all study of the heavens suspect. Such study reentered western Europe primarily
through translations from the Arabic and became part of the accepted Aristotelian outlook
of the schools. Opposition to astrology became identified with opposition to the study of
the book of nature—the other side of divine revelation. Saint Thomas Aquinas (d. 1274)
considered the heavenly bodies divine instruments for ruling the sublunar world, and he
believed that human passions were controlled by the heavenly bodies, so that it was
possible to study human character and predict events through astrology. Dante (1265-
1321) put the diviners in hell, but in heaven he apostrophized Gemini, his birth sign, as
the source of his poetic creativity. In fact, even those who opposed astrology accepted its
basic premises. Nicole Oresme (ca. 1323-1382) was one of the few Scholastic natural
philosophers who wrote polemics against astrology. He accepted the idea of the stars as
divine instruments and of heavenly motion as a cause of motion on Earth, but he did not
think it possible to make calculations accurate enough to predict from astrology. He also
considered astrology more useful for medicine than for predicting the weather. Most
opponents of astrology, however, were primarily motivated by religious reasons:
astrology interfered with belief in divine providence and human free will, and it provided
a secular explanation for phenomena. There was no need for recourse to divine
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retribution for human sinfulness if the state of the heavens could explain the Black Death.
John Calvin (1509-1564) opposed any attempt to penetrate the mysteries of human
destiny, and his followers objected to the way astrologers substituted astral fate for
predestination.

Most opponents of astrology would have approved of Giovanni Pico della Mirandola’s
(1463-1494) belief in an absolute contradiction between human free will and astrological
prediction. Pico’s Disputations Against Judicial Astrology, written in 1494, was the most
widely cited work against astrology in the early-modern period. He had assimilated all of
the available literature on astrology and brought to bear as many different arguments
against astrology—natural as well as judicial—as he could find. But the underlying
theme was the necessary opposition he perceived between astrology and religion. The
fact that he had had no experience either observing the heavens or calculating their
courses gave supporters of astrology ammunition against his work.

In fact, astrology was part of the mathematics curriculum of every Western university
from their founding in the twelfth century to the seventeenth century, and mathematicus
was a synonym for astrologer. Students of the heavens took astrology for granted as one
facet of their discipline. The study of astronomy was often motivated by its necessity in
the practice of astrology. Nicolaus Copernicus (1473-1543), Tycho Brahe, Kepler, and
Galileo Galilei (1564-1642) had all studied astrology. Copernicus mostly ignored it in his
writings and probably opposed it, but Tycho and Kepler were both practicing astrologers,
although Kepler often expressed doubts about it and tried to reform it so that it could
conform to his view of the universe. Galileo was more skeptical than Kepler, but he cast
horoscopes from which he made predictions, and he taught astrology to medical students
at the University of Padua. The astronomical work of Tycho, Kepler, and Galileo,
however, destroyed the foundations on which the belief in astrology rested at that time,
for they challenged the doctrine that the motion of an immutable, immaterial heaven
affects the sublunar world. By the time Isaac Newton (1642-1727) was composing his
great synthesis of the universe at the end of the century, there was no need to mention
astrology. Among astronomers, it was dead.
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Astronomical tables and Ephemerides

Astronomical tables provide the means for computing the celestial positions of the Sun,
Moon, and planets at any time, based on a self-consistent theory; and ephemerides
provide a continuous reference system of observations to meet practical requirements by
giving daily geocentric positions of the Sun, Moon, and planets, generally deduced from
particular astronomical tables. They are two indispensable mediators between
astronomical observation and theory (consisting of a hypothesis on planetary motion and
fundamental orbital parameters), the four components thus forming a synthesis. The
confrontation with one another within this synthesis has, throughout the history of
astronomy, been the ultimate source for the development of this observational science.
An example is Johannes Kepler’s (1571-1630) search for a theory in his Astronomia
nova (1609), using Erasmus Reinhold’s (1511-1553) Prutenic Tables of 1551, based on
the Copernican theory, several late-sixteenth-century ephemerides, and Tycho Brahe’s
(1546-1601) observations.

In the long search for a fundamental law in the reference system of time and position
of the celestial bodies, every epoch shows its unique characteristics in the attention it
pays to the relationship between observation and theory through those two mediators;
every achievement appears almost proportional to the attention so paid. The relationship
became particularly intense in the sixteenth and seventeenth centuries, but the process
was complex and long lasting, as may be seen by the increasingly close attention with
which the observed planetary positions were compared with those given by many
different tables and ephemerides. Among the tables were the Alfonsine, based on
Ptolemy (ca. 100—ca. 170); the Prutenic, based on Nicolaus Copernicus (1473-1543); the
Danish, based on Tycho Brahe by Longomontanus (1562-1647); the Rudolphine, by
Kepler; as well as a number of variations on these four. Although all planetary theories
show systematic deviations from one another, and one was mathematically able to reduce
any systematic deviation to a minimum, no theory at that time accurately reproduced the
observations available, a phenomenon that can only be ascribed to the problem of
observation.

The immediate observations are, by nature, normally distributed about the true value,
and their average value tends to yield it accurately. Other values, deduced from the
immediate observations such as the so-called observed planetary positions in the orbit,
contain various error sources and, therefore, tend to show systematic errors. Hence, two
sorts of observations, immediate and deduced, are to be distinguished. Tycho’s tropical
year, the interval between two vernal equinoxes, for example, is accurate to three seconds
(immmediate observation), but his length of the half-year is erroneous by six hours
(deduced observation). For every planetary theory, the mean periods of the planets are
fundamental. Their accurate values and deductive method (immediate observation of the
synodic periods—the interval between two successive conjunctions of a planet with the
Sun—in terms of the sidereal solar years—the time for a complete revolution of Earth
about the Sun relative to the fixed stars) survived from ancient Babylonian astronomy, so
that the mean periods and the corresponding mean longitudes at a particular epoch could
later, easily and frequently, be improved, as they were in Ptolemy’s Almagest (ca. 140),
Copernicus’s De revolutionibus (On the Revolutions, 1543) and Kepler’s Astronomia
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nova (New Astronomy, 1609). The mean periods of, for example, Mars from Babylonian
times to the eighteenth century are all accurate to within about ten minutes of time. Its
sidereal period of 686 days, 23 hours, 32 minutes, as given in the Prutenic Tables differs
from its modern value by about one minute, compared to the Babylonian error of about
ten minutes. The former was used by Kepler for deducing his laws and his frequent
corrections of the mean longitude in his Astronomia nova.

The further accuracy within the periodic returns of the planets (mean periods and
mean longitudes) is given by the hypothesis and orbital elements (dependent parameters
such as eccentricity) of the theory, the latter derived from the observed positions as
deduced from the immediate observations, corrected for independent and dependent
parameters (geographic latitude, parallax, refraction, obliquity of the ecliptic, etc.) by
means of a method based on a definite hypothesis, such as those of Ptolemy and Francgois
Viéte (1540-1603)—a circular orbit with an equant, a point not in the center of the orbit
about which a radius to the planet generates equal angles in equal times—or of Pierre
Hérigone (d. ca. 1643) and Jean-Dominique Cassini (1625-1712)—an elliptical orbit
with an equant. In this procedure, the solar parallax, or angle at the Sun determined by
the earth’s radius, as a fundamental independent parameter affects practically all
parameters; thus, for example, the eccentricity, the main indicator of accuracy, showed
systematic errors depending on the value adopted for the solar parallax. As the value
decreased from about 3’ (ca. 140-ca. 1630, i.e., from Ptolemy to Kepler) to
approximately 10” (ca. 1670 in Cassini and Flamsteed), the eccentricity of the Sun’s orbit
decreased from about 0.018 in Tycho and Kepler to approximately 0.0169 in Cassini,
John Flamsteed (1646-1719), Isaac Newton (1642-1727), and Edmond Halley (ca.
1656-1743), and that of Mars increased from 0.09265 for Kepler to about 0.093 for
Jeremiah Horrocks (1618-1641), Nicolaus Mercator (ca. 1619-1687), and Halley, all
according to the configuration of the planetary orbits. As the values adopted for the solar
parallax converged to the modern value (8.8”), all theories—first solar and then,
necessarily, planetary theories—had also to converge to the modern theories.

Due to the erroneous parameters involved in the whole confrontation of observation
and theory, each theory can strictly reproduce only those three or four underlying
observations from which the theory was deduced. As soon as any new value of the solar
parallax obtained as an independent parameter—17” by Remus Quietanus (fl. 1615-
1631), 14" by Gottfried Wendelin (1580-1667) and Jeremiah Horrocks—is applied to
those underlying immediate observations, the theory consisting of a planetary hypothesis
and the erroneous dependent parameters turns out to be inconsistent with the heavens, the
phenomena valid for all theories of that time. The Rudolphine Tables—based on Kepler’s
laws and the erroneous dependent parameters deduced by means of his erroneous value
of the solar parallax as 3'—had also to show a systematic deviation from even Tycho’s
observations, once corrected for all of those new accurate values of the solar parallax.
Kepler’s tables soon underwent a series of revisions. For the further development from
1660 onward, the correct recognition of the above astronomical reference system, the
distinction between independent and dependent parameters, and between these and the
hypothesis within a theory was essential.

Surprisingly, the profoundly important evolution of astronomy from 1609 to about
1670 had occurred virtually behind the scenes, notably through the work from 1637 to
1640 of Horrocks, whose determination of the solar parallax as 14", examination of
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Kepler’s Rudolphine Tables, correction of his orbital parameters, and recognition of the
agreement between observation and theory led to his acceptance of Kepler’s hypotheses
and laws as correct.

The role of the astronomical tables and ephemerides at that time in the confrontation
between observation and theory is perhaps best exemplified by man’s first observations
of the conjunctions of the inner planets with the Sun as transits over the Sun’s disc in
1631 and 1639, corresponding to the oppositions of the outer planets as observed in past
millennia, both dealing with the planetary positions as directly subject to the heliocentric
laws—immediately followed by the substantial improvements of the orbital elements
predicted in Kepler’s tables of 1627 and reflected in subsequent ephemerides.
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Astronomy

Astronomy in many ways provides the model for the development of a science during the
Scientific Revolution. Changes in its theoretical basis, its place within the divisions of
knowledge, its observational content, and its institutional structures are all characteristic
of the changes that took place during the Scientific Revolution and, in many instances,
precede and provide the model for the other sciences.

Astronomy led the other sciences largely because it inherited from antiquity a large
body of technically sophisticated theory wedded to a consistent natural philosophy. The
technical theory came from Ptolemy (ca. 100—ca. 170) and his Islamic commentators.
The Ptolemaic planetary models included many of the classical geometric constructions
of planetary theory. The so-called first anomaly of planetary motion was modeled by a
large sphere (called the deferent) that was slightly eccentric from the center of the
planetary system, namely the earth. The eccentricity would cause a point on the
uniformly rotating deferent to appear to move faster or slower when it was nearer or
farther from the earth, which mimicked observed variations in the speed of the motions of
the planets among the stars. In addition, the model included a smaller sphere, the
epicycle, whose center was carried around on the deferent. The planet was attached to a
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point on this smaller sphere, which rotated in the same sense as the deferent. The epicycle
had the effect, when the planet was in the lowest part of the epicycle, of overcoming the
continuing forward motion of the deferent and causing the planet to appear periodically
to come to a halt among the stars, briefly reverse course, and then continue its normal
course. Thus the epicycle modeled observed episodes of retrograde motion, the second
anomaly of planetary motion. Ptolemy’s own innovation was the equant. By shifting the
point of uniform angular motion of a planet on its deferent to a position equally distant
and on the opposite side from its center as the eccentric earth, the equant was able to
accentuate the nonuniformity of motion caused by the eccentric placement of the
observer on the earth, but without exaggerating the component of motion of the epicycle.
Since the orbits of the planets are nearly circles, and the equant very nearly reproduces
Johannes Kepler’s (1571-1630) second law, Ptolemy’s planetary theories were
remarkably accurate and robust. Coupled with his comprehensive treatise on constructing
planetary models, his work became the foundation for astronomy for nearly fifteen
hundred years.

Ptolemy’s planetary theory, along with the works of some of his Islamic
commentators, had been recovered and assimilated in the late-medieval period and were
used for planetary tables and ephemerides. The full sophistication of Ptolemy’s
achievement and the cogent criticisms of his Islamic commentators became apparent only
near the beginning of the sixteenth century. The fall of Constantinople in 1453 brought
original Greek manuscripts of Ptolemy’s Almagest and refugees fluent in Greek to the
West. The advent of printing in the same year made the wide dissemination of original
sources possible. These events became particularly influential in the sixteenth century
with the first publication of the Almagest in 1515, an event that occurred in the midst of
Nicolaus Copernicus’s (1473-1543) development of his planetary theory and that
contributed greatly to the technical sophistication of his De revolutionibus (On the
Revolutions, 1543).

Increasingly sophisticated reading of Ptolemy brought home to sixteenth-century
astronomers a lingering inconsistency between Ptolemaic astronomy and Scholastic
philosophy. Aristotle (384-322 B.C.E.) had provided a remarkably consistent and wide-
ranging natural philosophy that became the foundation of medieval science and also the
natural philosophical backbone of Ptolemaic astronomy, In the realm of astronomy,
Avristotle had put forward the doctrine that the heavens are entirely unworldly—that is,
they consist of a fifth element, ether, which has no earthly qualities and whose natural
motion is uniformly circular around the center of the world, namely the earth.
Aristotelian natural philosophy was well compatible with Eudoxus’s contemporary
doctrine of homocentric planetary spheres, but Ptolemy’s later innovations constituted an
unresolved challenge.

This incompatiblity between Ptolemaic theory and Aristotelian natural philosophy
was, to a certain extent, embodied in a division in astronomy between spherica and
theorica that had been established during the medieval period. The former, deriving from
Johannes de Sacrobosco’s (d. ca. 1256) De spera (On the Sphere) and Aristotle’s De
caelo (On the Heavens), dealt largely with spherical astronomy—the daily and yearly
motion of the Sun and stars. It was elementary and cosmological and was considered part
of natural philosophy. Theorica derived from Ptolemy, contained technical planetary
theory, and was deemed part of mathematics. Because of the well-known fact that
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alternative arrangements of planetary spheres could represent identical appearances, there
was considerable skepticism as to whether mathematical astronomy had any claim to
demonstrative certainty.

Attempts to reconcile Ptolemaic theory and Aristotelian philosophy had advanced far
with Islamic commentators and, in the sixteenth century particularly, began to percolate
into the West. An arrangement of space-filling spheres proposed in Ptolemy’s Planetary
Hypotheses passed through Islamic sources and became the basis for the system
described in Georg Peurbach’s (1423-1461) Theorica novae planetarum (New Theory of
the Planets) of 1472. This system reconciled Ptolemy’s eccentrics and epicycles with
Avristotlean homocentric spheres by carefully embodying the Ptolemaic mechanisms as
systems of ether spheres whose peripheries were homocentric with the Sun. The
Ptolemaic equant, however, was particularly troublesome. Although, on the one hand,
angular motion around the equant was uniform and thus perfectly acceptable, on the other
hand, the physical motion of the epicycle center around the deferent could not be, which
cast doubt either on the uniformity of motion or on the rigidity of the planetary spheres.
By the late-medieval period, Islamic astronomers had succeeded in eliminating this
problem by recasting the Ptolemaic equant into ingenious, more complex compounds of
uniform circular motion that largely mimicked the Ptolemaic equant.

Against this backdrop, the achievement of Copernicus should be seen as a
continuation of a tradition of astronomical humanism begun by Peurbach and Johannes
Regiomontanus (1436-1476) and devoted to reforming astronomy within the constraints
of classical thought. As it was seen in the sixteenth century, the significance of
Copernicus’s De revolutionibus orbium coelestium (On the Revolutions of the Celestial
Spheres, 1543) lay in its elimination of the nonuniformity of motion inherent in the
Ptolemaic equant, which Copernicus seems to have accomplished on the basis of the
models of the Islamic astronomers, though the means of their transmission remains
unknown. Modern analysis has shown that Copernican planetary models, which achieved
their widest influence through Erasmus Reinhold’s (1511-1553) Tabulae Prutenicae
(Prutenic Tables, 1551), were not unambiguously more accurate than Ptolemaic tables,
although in the sixteenth century they were widely perceived to be so. The fact that
Copernicus’s planetary theories were framed in a heliocentric system—which itself had
at least some classical precedent—was treated with widespread ambivalence. The
“Wittenberg Interpretation” of Copernicus, as Robert Westman has named it, in which
the planetary theories were avidly studied while the cosmological claims were treated
with indifference, was widely followed by astronomers regardless of their faith. Manifest
physical experience of the earth’s immobility and the testimony of Scripture stood in the
way of heliocentrism’s acceptance.

A number of factors accumulated in the late sixteenth century that did not so much
lend support to Copernicus as undermine the Aristotelo-Ptolemaic orthodoxy. There was
a Renaissance curiosity about competing scientific systems of antiquity and, thus, a
renewed interest in Neoplatonism and Stoicism. Exegetical trends issuing from the
Reformation also strained the Aristotelian scheme of the heavens, which influenced an
unsophisticated reading of Aristotle that allowed the ether spheres to solidify. Contrary to
the original doctrine, by the late sixteenth century ether was understood to possess the
earthly qualities of materiality, rigidity, and impenetrability; they had become “crystalline
spheres.” Skepticism from proponents of alternative views of nature and the,
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unfortunately, unsophisticated philosophical position of Aristotelians with regard to the
ether paved the way for a cosmological crisis.

Some singular observational phenomena hastened the attacks on Aristotelian
cosmology. The novae of 1572 and 1604, which showed no measurable parallax and
were, thus, demonstrably supralunar and most probably belonged to the sphere of the
fixed stars, showed that the heavens were not immutable. And the spectacular comet of
1577, which was observed by some—most notably Tycho Brahe (1546-1601) and
Michael Maestlin (1550-1631)—also to be supralunar and, thus, to travel among the
planetary spheres, cast doubt both on the Aristotelean notion that comets were
atmospheric phenomena and on the solidity or reality of the celestial spheres. The
meaning of these phenomena was not manifestly clear, but they did provide the impetus
to reconsider the reigning paradigm and to entertain closer examination of the elegance
provided by the Copernican scheme.

Analysis of observations of the comet of 1577 eventually provided the evidence of the
immateriality of the celestial spheres that Tycho needed to put forward his hybrid
cosmological system, first published in 1588, in which the Sun revolved around the earth
while the planets revolved around the Sun. The attractiveness of this compromise is
evident in the number of people who quickly started teaching it as their own. Tycho
reacted bitterly to the infringement, as he saw it, of Paul Wittich (ca. 1546-1586),
Nicolaus Reimers Ursus (1551-1600), Helisaeus Roslin (1544-1616), and Duncan Liddel
(1561-1613). The Tychonic system, by incorporating some of the simplicity of
heliocentrism while avoiding physical and theological objections to the earth’s mobility,
provided an attractive compromise in the cosmological debate of the early seventeenth
century.

Apart from the novae and comets, observational evidence played a reasonably small
role in the cosmological debate around the turn of the seventeenth century. Only with
Tycho Brahe did astronomical instruments achieve great sophistication. Prior to Tycho’s
time, accurate, utilitarian astronomical instruments were virtually nonexistent in the
West, Bernard Walther’s (1430-1504) instruments and the observatory of Wilhelm 1V,
Landgrave of Hesse (1532-1592), being the only real precedents. Tycho’s
accomplishment rested on his fundamental belief that the state of astronomical theory
required a reformation and that such a reformation could be accomplished only on the
basis of an accurate series of observations. With lavish support from the Danish Crown,
he embarked upon a twenty-year program of observation and instrumental development.
Tychonic instruments converged on a type that was large and entirely of metal, with
finely divided arcs and accu-rate sights. With repeated use, the best instruments were
capable of measuring the location of a star to the limit of resolution of the naked eye. His
final triumph was that he disseminated knowledge of his innovative instruments in his
Astronomiae instauratae mechanica (Instruments for the Restoration of Astronomy,
1598). In addition to being perhaps the greatest naked-eye observer of all time, Tycho
was also one of the last. The invention of the telescope about ten years after Tycho’s
death made possible another series of instrumental improvements, but it was some time
before his accuracy was matched and exceeded.

Johannes Kepler (1571-1630) was the first to argue vigorously for the physical reality
of heliocentrism, for the inclusion of physical reasoning in astronomy, and for the
dissolution of the barrier between sphaerica and theorica. He aimed to let astronomy take
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its rightful place as a part of natural philosophy. That he was armed for this effort with
Tycho Brahe’s unprecedentedly accurate observations must be counted as the most
fortuitous turn of events during the Scientific Revolution. Using the observations with
great originality and creativity, Kepler was able to derive a physical theory of the motions
of the planets, which entailed his first and second “laws” of planetary motion and
abandoned circles and uniform circular motion. He published his theory of Mars first in
the Astronomia nova (New Astronomy, 1609) and followed with the remaining planets in
the Tabulae Rudolphinae (Rudolphine Tables, 1627). Kepler published his third “law”
relating the periods of the planets and distances in his Harmonice mundi (Harmonics of
the Universe, 1619). It had great cosmological significance for him, but its relation to the
rest of his work was forced, and he never exploited its utility in determining the
parameters of planetary theory. It was not so used until the publication of Thomas
Streete’s (1622-1689) tables in 1661.

Kepler’s theories were undeniably accurate. His most spectacular predictions were of the
transits of Mercury and Venus in 1631—phenomena that had never been witnessed
before. But his program of physical astronomy was not widely accepted by astronomers.
The notion of a quasi-magnetic solar effluvium he used to explain the motions of the
planets was regarded by many as bizarre. Moreover, with the ellipse and the area law, he
had introduced into astronomy “Kepler’s problem,” which made it impossible to calculate
a planet’s position directly as a function of time. Thus, most of the history of technical
planetary theory between Kepler and Newton is devoted to recasting Kepler’s elliptical
orbits and the area law into some more manageable mathematical model. In the 1630s
Bonaventura Cavalieri (1598-1647) and Jeremiah Horrocks (1618-1641) developed
identical approximate solutions to Kepler’s problem. And similar kinds of “empty focus”
theories, in which the empty focus of the ellipse acts as a Ptolemaic equant, were
introduced by Ismaél Boulliau (1605-1694), Seth Ward (1617-1689), and Blaise
Frangois de Pagan (1604-1665) in the 1640s and 1650s. Finally, it should be noted that
accepting Kepler’s theories did not entail being a Copernican; both Noél Durret (ca.
1590-ca. 1650) and Jean-Baptiste Morin (1583-1656) published Keplerian tables and
were simultaneously anti-Copernican.
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Frontispiece of Johannes Kepler’s
Tabulae Rudolphinae (1627),
illustrating various aspects of the
science of astronomy. The physical and
mathematical foundations of
astronomy are represented at the top
of the structure, along with some
astronomical instruments. The pillars
and the figures next to them represent
the great astronomers from antiquity
to Kepler’s time; the strongest pillars
are those associated with Copernicus
and Tycho Brahe. Attached to the
columns are various instruments,
including an astrolabe, a sextant, a
quadrant, a cross staff, and a celestial
globe.
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Kepler had pushed toward physics from mathematical astronomy. But the greatest
strides in unifying the two came from physics and natural philosophy toward astronomy.
Galileo Galilei (1564-1642) played a decisive role in two respects. First, his telescopic
discoveries of 1609-1610 fundamentally changed the nature of astronomy. Until that
time, the subject matter of astronomy largely involved predicting the motion of the Sun,
Moon, and planets against the backdrop of the stars. The nature of those dots of light was
largely unknowable and speculative and was the province of natural philosophers. The
observations of the heavens that Galileo described in the Sidereus nuncius (The Sidereal
Messenger, 1610) created more of a sensation than any other work of the Scientific
Revolution. In addition to creating a new subject matter for astronomy, the discoveries in
the Sidereus nuncius and those made during the flurry of activity within the first year or
two of telescopic observation after its publication played an important role in clarifying
the cosmological debate. The rough features on the lunar surface—which lent support to
those who believed it was essentially earthlike—and sunspots dealt a serious blow to the
Avristotelian notion of celestial perfection. The gibbous phases of Venus effectively ruled
out the Ptolemaic system, And the moons of Jupiter, in showing that another planet could
retain its satellites, provided some analogical support for heliocentrism. Astronomers
settled into Tychonic and Copernican camps. Because of the observational equivalence of
the two systems, the decision between them could be made only on physical or religious
grounds.

This state of affairs made Galileo’s omission of the Tychonic system in his Dialogo
sopra i due massimi sistemi del mondo, Tolemaico e Copernicano (Dialogue Concerning
the Two Chief World Systems, Ptolemaic and Copernican, 1632) a false dichotomy.
However, it was in Galileo’s study of motion that he made his other great contribution
toward the physicalization of astronomy. Galileo recast the age-old problem of a body’s
motion from being a process that required a mover to maintain it to being a simple state
of existence that would persist as long as the body was not acted upon. In so doing, he
was able to address the greatest physical objection to the motion of the earth: that it might
move and we would not perceive it. In addition, by his analysis of falling bodies, he
provided a quantification of the acceleration of gravity that would be an important
element in the formulation of the law of gravity. Although his overzealous and
masterfully rhetorical advocacy of Copernicanism in the Dialogue ended badly for him
and gave others, like René Descartes (1596-1650) pause, it had the greatest effect in
crippling Aristotelianism and clearing the way for the acceptance of heliocentrism.

The advent of the telescope also breathed new life into another, longer-term
observational investigation of heliocentrism having to do with the scale of the solar
system. In the Ptolemaic system, the size of the universe had been determined by nesting
the planetary theories one on top of another and calculating the total space they took up.
The distance to the sphere of stars, located just beyond Saturn, was reckoned to be ca.
20,000 earth-radii (e.r.). In the heliocentric system, however, the annual motion of Earth
around the Sun should have induced a measurable shift in the observed position of the
stars at different times of the year (stellar parallax). The absence of observable stellar
parallax led Copernicus to conclude simply that the stars are very far away. Careful
investigation by Tycho Brahe placed a lower limit on their distance of ca. 8 million e.r.
Spurious naked-eye estimates of the angular size of stars implied that, at such a distance,
the stars would be enormous bodies comparable in size to the earth’s entire orbit. Such
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absurd sizes and distances bolstered Tycho’s rejection of the heliocentric system. Galileo
discovered, however, that the telescope stripped stars of the adventitious rays that made
them appear to have any angular size whatsoever. The problem of their size was resolved,
but their distance remained elusive. Stellar parallax eluded detection throughout the
Scientific Revolution, even after the heliocentric system had achieved widespread
acceptance. One of the most concerted such efforts was that of Robert Hooke (1635-
1702), who claimed (mistakenly) to have measured stellar parallax in 1669 using a
special telescope built into his house. Stellar parallax would not be measured successfully
until the nineteenth century.

The acceptance of heliocentrism progressed without decisive observational proof.
Rather, the cogent explanatory power of the heliocentric system when coupled with
sophisticated physics made the doctrine increasingly persuasive. Studies of mechanics,
which revolutionized physics and, at the same time, addressed the physics of planetary
motion, were essential for melding physics and astronomy. Along with Galileo’s example
in mechanics, Descartes’s contribution was certainly foundational. In reaction to
contemporary philosophies of nature, he purged physical thought of the excesses of
Renaissance naturalism, as well as Aristotelean qualities, and produced an austere
ontology that admitted only matter and motion. Since motion is conserved, given correct
laws of impact (where he fell short), there is the inherent expectation in his philosophy
that physical processes are quantifiable and intelligible. Although the vortex theory of the
planetary motion put forth by Descartes in its mature form in the Principia philosophiae
(Principles of Philosophy, 1644) was qualitative and could contribute little of substance
to planetary theory, his work contained some essential elements of mechanics, such as
rectilinear inertia, and inspired mechanical philosophers. In correcting Descartes’s badly
flawed laws of impact, Christiaan Huygens (1629-1695) elucidated notions of
momentum and Kinetic energy. Moreover, he was able to quantify the relation for
centrifugal force and provide an essential element in the dynamics of circular motion that
could be applied to the case of planetary motion. Characteristically, 1saac Newton (1642—
1727) came to these same thoughts independently.

The Newtonian synthesis was certainly the culmination of the Scientific Revolution,
and many of its elements either came from astronomy or were influenced by the
cosmological debate. From Kepler came the laws of planetary motion; from Galileo, the
law of falling bodies; and from Descartes, rectilinear inertia and the foundations of the
mechanical philosophy. In addition, Newton received one essential idea from Robert
Hooke: that the motion of a planet should be seen as a compound of motion along the
tangent and an attraction toward a center. Spurred by correspondence with John
Flamsteed (1646-1719) regarding the comet of 1680-1681 and by an inquiry from
Edmond Halley (ca. 1656-1743) about the shape of an orbit caused by an inverse-square
force toward the center, Newton erected a foundation for celestial mechanics that has
scarcely been superseded to this time. The laws of motion and universal gravitation he
put forth in his Principia mathematica philosophiae naturalis (Mathematical Principles
of Natural Philosophy, 1687) not only provided a new basis for Kepler’s laws and
Galileo’s observation of falling bodies, but also were extended to the cause of tides, the
figure of the earth, the precession of the equinoxes, and the perturbations of the planets
on one another. Mathematical tools needed to be developed to handle the more difficult
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cases, and Cartesian resistance continued into the eighteenth century, but no other single
work has comparable significance in the history of astronomy.

Along with the theoretical synthesis that put as tronomy in the forefront of sciences,
there was a corresponding development of instrumentation, which was a hallmark of the
Scientific Revolution. This development could proceed beyond the level achieved by
Tycho Brahe only with the further development of the telescope. The phenomena
discovered with the telescope in the second decade of the seventeenth century lay just
beyond visual perception. Most of these were either made by Galileo or he claimed
priority for them. Thereafter, a long lull ensued while telescopes were improved. The first
step, taken by a number of observers by around 1640, involved abandoning Galileo’s
convex-concave system of lenses for the convex-convex system described by Kepler in
his Dioptrice (Dioptrics, 1611), which inverted the image but had a larger, clearer field of
view. To achieve greater magnification, it was then necessary to grind lenses of longer
and longer focal length. The quest for longer focal length culminated in Christiaan
Huygens’s so-called aerial telescope, in which the objective lens was raised on a high
pole while the observer stood on the ground with the eyepiece. Huygens’s efforts paid off
with the discovery of Saturn’s moon Titan in 1655. His observations also helped
elucidate the cause of Saturn’s odd tripartite appearance, which, as he explained in his
Systema saturnium (The Saturnian System, 1659), was due to a flat ring surrounding but
not touching the planet. The further telescopic discoveries of the late seventeenth century
were all made by Jean-Dominique Cassini (1625-1712), who discovered four additional
satellites of Saturn between 1671 and 1684. Such discoveries were certainly hard-won
but—Ilike the various lunar maps published during the seventeenth century—of
questionable significance.

The telescope was far more significant for the effect it had on the prosaic matter of
accurately measuring positions. Tycho’s method of open-sight observing—equaled only
by the Danzig astronomer Johannes Hevelius (1611-1687)—was limited ultimately by
the resolving power of the human eye. Properly constructed telescopic sights, however,
could overcome this limit after the technique of fitting crosshairs in the focal plane of the
telescope was introduced by Jean Picard (1620-1682) in 1667. A similar technique
developed by Adrien Auzout (1622-1691) in the same year involved placing a fixed wire
and one mounted to a micrometer. Such a filar micrometer could be used to measure very
small angles accurately. The pendulum clock, perfected by Huygens in 1656, used in
conjunction with a meridian transit first developed by Ole Rémer (1644-1710), made the
collection of accurate positions routine and completed the arsenals of state observatories
that were founded toward the end of the century. High-precision measurements of angles
and time were essential for subtle but important astronomical discoveries in the second
half of the seventeenth century. In 1675 Rémer was able to conclude from anomalous
times for eclipses of Jupiter’s moons that the speed of light was finite. And observations
of Mars’s opposition in 1672 by Cassini and Flamsteed provided the first realistic
measurements of the distance to the Sun.

The development of patronage and institutional support made astronomy the best-
supported science during the sixteenth and seventeenth centuries and was also
characteristic of its status as the queen of the sciences during the Scientific Revolution.
Although in the early sixteenth century astronomers supported themselves largely by
occupying low-status chairs in mathematics at universities and by publishing calendars
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and ephemerides, around the turn of the seventeenth century a fortunate few obtained
positions at Court that provided the resources for important research projects. Tycho
Brahe set the standard in this regard. His research institute—which supported alchemical
research in addition to astronomically related fields such as meteorology—was lavishly
funded by the Danish Crown, and, when that support collapsed, he was able to arrange a
similar position with the Holy Roman Emperor Rudolph Il. Kepler inherited this position
upon Tycho’s death, although at a significantly lower salary. Galileo, too, was able to
fashion a lavish position for himself as court philosopher and mathematician to the grand
duke of Tuscany, Cosimo Il de’Medici, a title that reflected astronomy’s changing
content and importance. It must not be overlooked that all of these positions existed, at
least partly, because of the importance of astrological advice to men in positions of
power. Later in the seventeenth century, when belief in astrology was waning and the
utility of astronomy as an aid to navigation became apparent, the English and the French
governments established permanent state observatories. Cassini, in particular, as director
of the Observatoire de Paris, was able to make good use of the resources of the state, such
as the sending of an astronomical expedition to Cayenne. In addition, the foundation of
both the Observatoire de Paris (1667) and the Greenwich Observatory (1675) in England
are bound up with the newly formed scientific societies in those countries. The changes
in its institutional status and its close affiliation with scientific societies represent a final
indication of the centrality of astronomy in the Scientific Revolution.
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Atomism

The seventeenth century saw the robust reemergence of the ancient view that we best
account for the nature of matter and manifest qualities of familiar material objects by
postulating invisible elemental particles from which all such objects are constituted.
Atomist views and related corpuscularian doctrines were principally designed by their
authors as fundamental ontologies for physical theories, and, in the early-modern era,
these theories were generally associated with one or another mechanical outlook. Yet, for
several epistemological and physical reasons, atomism failed adequately to furnish a
universe conceived as mechanical, and it proved dispensible to the classical mechanics
developed in the wake of lIsaac Newton’s (1642-1727) Principia mathematica
philosophiae naturalis (Mathematical Principles of Natural Philosophy, 1687).
Nonetheless, early-modern atomism paved the way for particulate-matter theories of
greater sophistication by suggesting how grasping macrophenomena might depend on
first understanding the structure and behavior of ultimate building blocks on the
microlevel.

Broadly, the diverse early-modern atomist theories all suggest that matter is composed
of extraordinarily small, indivisible particles, which, according to the various theories,
may be uniform or vary with respect to size, shape, weight, or motion. Another central
claim of atomism is the explanatory principle that the combinations of such invisible
particles yield not only the aggregate structure of familiar objects, but also their specific
qualities, such as density, fluidity, temperature, elasticity, taste, and color. Competing
corpuscularian theories of matter suggested either that the basic particles are infinitely
divisible or that, while such ultimate particles may provide a structural basis for bodies of
greater scale, we best account for their qualities by appealing to Aristotelian forms arising
from the mixtures of fundamental elements. Thus, atomism is a species of
corpuscularianism, distinguished at least by the rejection of both this Scholastic view
regarding mixtures and the thesis that matter is infinitely divisible. As a consequence of
rejecting that last thesis, the atomists were also committed to the existence of the void. If
there is a definable smallest particle that cannot be divided, then between any two such
particles that do not fit together seamlessly there will be gaps, and matter cannot be
continuous; thus, there must be matter-free spaces, or voids, that separate each solid
particle.

From its initial, ancient formulations onward, atomism was not simply an ontological
or explanatory view pertinent to physics but a systematic metaphysical theory with wide-
ranging scientific and cultural consequences. Theologically dutiful physical theorists
ignored or condemned the materialist implications of strict atomism through the earliest
years of the Scientific Revolution, at which point an effort was made by Pierre Gassendi
(1592-1655), Walter Charleton (1620-1707), and others to “sanitize” atomism so as to
have it better conform to Christian doctrine. As in the ancient world, this more palatable
atomism shaped the natural and human sciences of the seventeenth century, from
particulate assumptions in theories of sound propagation to materialist underpinnings of
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social and political philosophy in Thomas Hobbes (1588-1679) and, to a degree,
Gassendi.

At the beginning of the seventeenth century, a generation of investigators, inspired by
advances in experimental technique, wove together elements of atomism and medieval
natural-minima matter theory (broadly, the view that each type of matter has its
characteristic smallest particle). In the eclectic theories of Daniel Sennert (1572-1637),
David Van Goorle (fl. 1590), and Sebastian Basso (fl. 1560-1623), elementary particles
were understood, respectively, to have chemical properties; to account for rarefaction and
condensation; and to form secondary aggregates, which, in turn, form tertiary
aggregates—higher-order compounds having generally greater stability than lower-order
ones.

Galileo Galilei (1564-1642) also played a key role in the transition from Aristotelian
and medieval matter theories. In The Assayer (1623), he hints at atomism by proposing to
explain the perceived qualities of bodies in terms of those qualities of their minute
constituent parts, to which we lack perceptual access. Though he never spells out a
detailed particulate structure of matter, this distinction between primary and secondary
qualities was frequently cited by other corpuscularians as a phenomenon for which their
matter theory offered a suitable corresponding ontology.

Like Galileo, René Descartes (1596—1650) was not an atomist, yet contributed to the
conceptual development of those common points with his own corpuscularian views,
which include counting extension among the necessary properties of matter and taking
matter’s particulate structure as requisite for mechanical explanation. Descartes, however,
openly opposed atomism, primarily on the ground that space, as extended, must be a
material plenum with no room for void—which rules out the possibility of discrete,
indivisible bodies separated by extended, unoccupied space. Nevertheless, his popular
physics influenced many to adopt a corpuscularian ontology.

One great achievement of seventeenth-century atomism was the development of those
explanatory schema that, if only in sketch or fable, suggested the parameters of a
successful particulate ontology and that range of phenomena for which, armed with such
an ontology, we might hope for our physics to account. In just this vein, Isaac Beeckman
(1588-1637) developed a somewhat novel view, which, unfortunately, was unknown to
his contemporaries save through the filters of his student René Descartes and his
acquaintance Pierre Gassendi. From Beeckman’s diaries, though, we learn of his view
that atoms are organized into molecular structures that are the actual basic structures
underlying macrosize objects. Like the little-known Sebastian Basso and the widely read
Joachim Jungius (1587-1657), Beeckman associated the four Aristotelian elements—air,
fire, water, and earth—with varying molecular structures and proposed that such an
interpretation could yield sophisticated analyses of chemical phenomena. His interests in
physics were quite diverse, and we find atomist (or, rather, molecularist) suggestions
throughout his optics, hydrostatics, and other mechanical studies.

Gassendi’s atomism is frequently seen as a spiritual “cleansing” of Epicureanism, but
it also represented an attempt to draw out the significance of this ancient philosophy for
experimental physics and other sciences. Gassendi suggested that the barometric
experiments of Blaise Pascal (1623-1662) gave empirical evidence for the existence of
the void—and thereby atoms—and he tried, if without success, to integrate an account of
atomic motion with a dynamics of wider grain. Though many of his atomist explanations
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in the special sciences, from geology to the study of generation to psychology, are
fanciful or ridiculous, his very attempts to employ his theory of matter across these
different disciplines likely spurred the search in these fields for microlevel answers to
macrolevel questions. To his credit, even Gassendi suggested that these answers awaited
further developments in microscopy.

The atomism of the early-modern era reached an apotheosis at the turn of the
eighteenth century in Robert Boyle’s (1627-1691) chemistry, Isaac Newton’s (1642-
1727) physics, and John Locke’s (1632-1704) philosophy. Boyle amassed a battery of
rhetorical and empirical arguments against the Scholastics and for a particulate-matter
theory, though he was agnostic regarding the Cartesian and Gassendist versions. As a
great experimenter, he employed the methods of resolution and composition in
researching the structure of matter and interpreted the resulting evidence in favor of those
“real” qualities he attriibuted to corpuscles. Yet, as a careful scientist, he proposed that
corpuscularianism is merely sufficient for explaining macrolevel phenomena. That there
is nothing necessary about this or any other matter theory suggested to him that it may be
overturned by future experiences.

In the 1706 edition of his Optics, Newton proposes that matter is created by God in the
form of impenetrable, solid, “massy” particles, the motion of which is ensured by divine
maintenance. Newton does not think his mathematical physics is directly predicated on
an atomist ontology, and so he does not weave atoms directly into his phenomenal
accounts. He agrees with earlier atomists, however, that no other matter theory provides
adequate causal explanations of macrosize phenomena, and in this sense he holds that it
is indispensable. As for Locke, the corpuscularian hypothesis and its varieties generally
suits, and likely inspired, his discussion of primary and secondary qualities, distinction
between real and nominal essences, and doubts concerning our ability to know with
certainty about the ultimate constitution of matter.

Atomism’s significance in the Scientific Revolution is best grasped by exploring the
larger conceptual framework in which that ontology was generally developed—the
mechanical philosophy. The mechanical philosophers held, broadly, that material objects
behave in the ways of artificial machines such as clocks: in principle, their behavior is
regular, measurable, repeatable, and predictable, and it is the product of the behavior of
their component parts. Mechanists generally held that their accounts should explain all
manifest physical phenomena by reference to the “real” and quantifiable qualities of
matter, and the atomists conceived of their proposed ontology as providing the locus of
such real qualities. Accordingly, such explanations of macrolevel physical phenomena
should consist in giving precise descriptions of the sets and relations of basic properties
of atoms, and showing how these descriptions can be derived from, or are at least
consistent with, our primary physical (and metaphysical) commitments—whether derived
from experience, reason, or both.

Many historians have suggested that the mechanical philosophers faced an inherent
conflict in attempting to link atomism with their dynamics or kinematics because of the
impossibility of giving quantified accounts of the fixed characteristics of atoms, let alone
their motion. Yet, for some writers like Descartes or Christiaan Huygens (1629-1695), a
corpuscular ontology is a key thesis of a mechanical philosophy from which dynamical
considerations are inseparable. Such principles as govern the motion of matter fulfill the
promise of the machine metaphor—that mechanistic accounts of matter with a particulate
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structure have predictive power and the phenomena are repeatable (at least in principle),
given that the physical behavior is law- or principle abiding. This suggests that, at least
from the vantage point of that era, those two elements might well be thought of as parts
of an integral natural philosophy.

Yet, other aspects of the Scientific Revolution engendered problems for the atomists.
One methodological difficulty concerns their claim that there is better empirical evidence
for their matter theory than for any other: it is not even clear what such evidence would
look like, given the supposition that atomic bodies and their behavior are below the
threshold of perception. By default, the arguments of the atomists tend to rely on a priori
reasoning; further, historical analysis and tribute significantly shape the content of their
claims. However, some of these historically based arguments and other, more original
arguments depend on what at least a number of the atomists following Gassendi (who, in
turn, follows Epicurus) would construe as empirical evidence. Gassendi suggests that our
inferences based on the signs of unobserved phenomena constitute empirical reasoning,
such that the beliefs we thereby acquire or develop are the stuff of empirical knowledge.

Another difficulty is that the atomists no better account for phenomena on the
microlevel than on the macrolevel. This is the charge that the mysterious, if familiar,
qualities of the experienced world are explained by reference to equally, if not more
mysterious, qualities of the atomic world. To explain familiar, experienced properties,
atomists routinely appealed to the distinctive character of particular sorts of atoms, or (as
per Basso, Jungius, Beeckman, and Gassendi) the special molecules they form, or (as per
Sennert) the Aristotelian elements of which they are minimal parts. The challenge to such
accounts is to say how or why those atoms, aggregates, or elements have their particular
qualities. Two responses available to the early moderns include an appeal to theology or
inference to the best explanation. This first response is to suggest that this is just the way
God made such-and-so atoms. The second response is to suggest that the assumption that
such-and-so atoms have such-and-so properties better explains macrolevel properties and
phenomena than any competing candidateexplanation does. Whether or not there is good
motivation for accepting either response, the problem remains that neither tells us how
those properties came to be characteristic of the atoms that bear them, nor why they
should be the basic ones as opposed to any others. If only in this respect the atomists earn
Boyle’s criticisms of those Aristotelian and Paracelsan theories that bestow us with one
set of mysteries in lieu of another.

Another, physics-related set of difficulties emerges when we consider the contribution
atoms are supposed to make to aggregate properties of bodies they compose—against the
background of what some atomists intend in this context by vis, or “force.” One question,
no longer posed after Newton’s treatment, is: how can “force” be understood as a feature
of atoms? Clearly, any sense of “force” that is applied differently to atoms and to bodies
composed of them is inconsistent with the idea of universal laws of dynamics. It is,
instead, closer to the intuitive sense of “capacity to create motion” or, as it was frequently
referred to, “motive force.” As to the origin of such a capacity, Gassendi, Newton, and
Boyle held that the ultimate particles of matter are endowed with this internal impetuslike
force by divine investiture. For these atomists, the difficulty is to square such an
ineradicable, inherent force with the very much eradicable force typically attributed to
bodies by the developing dynamics of the time.



Encyclopedia of the scientific revolution 94

Still other problems arose from the prevalent view that there are infinitely hard, thus
inelastic, atoms and that no impact between such bodies could entail their compression.
This view suggests that change in, or cessation of, atomic motion upon impact takes zero
time, yet Newton’s second law of motion accordingly requires an infinite force to account
for such change in motion. Hence, those holding the prevalent view were committed to
the existence of such forces as are physically and theologically impossible. Two
confusions prevented atomists from recognizing this problem: first, their failure
adequately to define “force” and, second, their grasp of, and significance accorded to,
elasticity. For his part, Newton proposed that we retain atoms as hard, inelastic bodies,
hold on to the (atomist) delusion that our physics requires only macrolevel elasticity, and
rely on God’s external maintenance of matter in motion. Subsequent attempts to
accommodate rebounding bodies acknowledged the elasticity of matter, a move made
easier by the demise of neoclassical atomism.

The flourishing of atomism in the seventeenth century might be regarded as simply
another example of post-Renaissance interest in antiquity, except that, in this case,
scientists and philosophers attempted not only to revive a classical matter theory, but also
to integrate it into contemporary physics. This effort was doomed to failure, for even a
renewed, improved version of ancient atomism could not meet the methodological
requirements of the new science. Yet, aspects of atomism suited seventeenth-century
physics and contributed to the development of a mature chemistry.

The atomist revival provided what seemed at first glance as a mechanically plausible
way to account for all physical phenomena in strictly materialist and non-scholastic
terms. As the shape of Newtonian mechanics became clear, it turned out that atomism
had no intrinsic part in it, but such a matter theory marked the incipient steps toward
molecular and chemical element models of change in substances. Atomism, therefore,
may be counted as a conceptual advance requisite for the far better empirically grounded
atomism of the nineteenth century. And, while atomists could produce direct empirical
corroboration of the specifics of their rough, hopeful hypotheses, few among them
expected as much, and it is to their credit if they could produce any slight, indirect
experimental evidence. More pertinent, we should judge their efforts as imaginative steps
in the direction of an ontology worthy of contemporary trends toward quantification and
normativity in the natural sciences.
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Attraction

The force of attraction, whereby one body could draw another toward it, was widely
acknowledged in ancient and medieval natural philosophy. The Hellenistic philosopher
Galen (second century), primarily known as a medical authority, distinguished three
kinds of attraction in nature. First was attraction due to an elemental quality. The prime
examples of this were attractions due to heat (we would say due to the current of air
toward a burning body) or to moisture or wetness (an idea that seems to have arisen from
observations of cohesion brought about by moisture or, in some cases, by the surface
tension of water). Second were attractions brought about to avoid the formation of a
vacuum. And finally, there were attractions brought about by the “whole substance” of a
body, which is to say, attractions that were brought about by some natural property of the
body as a whole and that could not be explained in terms of the manifest qualities
(hotness, coldness, wetness, and dryness) of any of the four elements that were held to
constitute the body. The prime examples of bodies that attracted according to their whole
substance were magnets and “electrics” like amber and jet, but there were also a number
of other supposedly attracting substances that were frequently used in the medical
tradition, notably purgatives or medicines supposed to draw out venom from snakebites
or wounds caused by poisoned arrows, which were believed to act by attracting like
substances toward them. This last idea seems to relate closely to notions of sympathy and
sympathetic attraction, which were one of the mainstays of the magical tradition. The
theory of magic was based on the assumption that God had created the world on a
hierarchical pattern, the Great Chain of Being, in which all creatures were linked to those
immediately above and below them. There were, however, resonating or corresponding
planes within the Chain of Being, so that the noblest metal, gold, corresponds to the
noblest beast, the lion, the noblest planet, the Sun, and to kings, the noblest of men.
Sympathetic attractions were held to operate across these corresponding planes.

Although known to the ancient Greeks and to the medieval magical tradition, the
magnet achieved an important place in natural philosophy only during the Renaissance,
when its use in the directional compass led to increased familiarity with, and awareness
of, its remarkable properties, as well as a recognition of its importance to trade and other
maritime pursuits. The first, and in many ways the most impressive study of magnets and
magnetism, De magnete (On the Magnet) was published by William Gilbert (1544-
1603), a leading English physician, in 1600. Among other things, Gilbert took pains to
distinguish magnetic from electrical phenomena. Having developed an elaborate and
idiosyncratic philosophy in which the magnet’s spontaneous ability to rotate was used as
a model of the earth’s ability, recently claimed by Nicolaus Copernicus (1473-1543), to
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rotate on its axis every twenty-four hours, Gilbert insisted that the substance of the
lodestone was essentially elemental earth and that the earth itself was a giant lodestone.
Accordingly, he needed to emphasize the differences between electrical and magnetic
phenomena. One of the most significant of Gilbert’s distinctions was his insistence that
electrical attractions were brought about by material effluvia sent out by the electrical
body and returning to it. There was no equivalent material cause of magnetic attraction,
according to Gilbert. In fact, he regarded magnets as animated bodies that come together
by mutual action or that attract iron, a debased form of elemental earth, by exciting or
inciting its own dormant soul, so that it, too, can join to the magnet by mutual action. Part
of the reason for Gilbert’s emphasis on the mutual involvement of lodestone and iron in
what he preferred to call magnetic “coition,” rather than attraction, was his reluctance to
deviate from the Aristotelian principle that action at a distance was impossible. Some, at
least, of Gilbert’s later followers had no such scruples and reinterpreted Gilbert’s views
in a more openly magical way, accepting that magnets are capable of acting at a distance.

One of the more spectacular examples of this kind of interpretation of Gilbert’s ideas
is to be seen in the work of Johannes Kepler (1571-1630), who drew upon Gilbert’s
magnetic philosophy to provide him with a model for the physical explanation he needed
to account for the fact that the orbits of the planets are elliptical, not circular as
previously assumed. Being unable to give a satisfactory mathematical reason why planets
might move in ellipses rather than circles, Kepler felt obliged to defend his discovery by
providing a plausible physical explanation. He did so by supposing that the Sun might
operate like a unique form of magnetic monopole that first attracted and then repelled a
planet, according to which pole of the planet was turned closest to it, so resulting in an
elliptical orbit.

With the advent of the mechanical philosophy in the seventeenth century, notions of
attraction were usually rejected. The atomistic, or corpuscularian, matter theories of the
various versions of the mechanical philosophy spelled the end of theories of attraction
due to elemental properties. Although attraction due to avoidance of vacuum was
forcefully invoked by no less a thinker than Galileo Galilei (1564-1642) to explain the
cohesion of countless atomic particles to form a body, this idea, which involved the
assumption that every body was made up of an infinite number of indivisible particles
held together by an infinite number of indivisibly small vacua, never won any adherents.
A more traditional use of the antivacuist theory of attraction was invoked by Francis
Linus (1595-1675) in his dispute with Robert Boyle (1627-1691) about the cause of the
elevation of water or mercury in a barometer, but the mechanistic view that the elevation
of the fluid was due to the pressure of the surrounding atmosphere fairly easily prevailed.

The traditional notion of attraction due to the whole substance, as manifested most
clearly in magnets and electrics, had a more complicated history. In strict versions of the
mechanical philosophy, such as that developed by René Descartes (1596-1650), all
occult notions were eschewed, and magnetic, electrical, and gravitational attractions were
explained in terms of the behavior of invisible streams of particles, flowing out and
returning to the “attracting” body. In principle, if not always in practice, the incessant
movements of these streams of particles were explained mechanistically. In less strict
versions of the mechanical philosophy, however, something close to sympathetic
attractions often seemed to creep in. The English Roman Catholic thinker Kenelm Digby
(1603-1665), for example, gave what he saw as a mechanistic explanation of the so-
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called weapon salve, an ointment that supposedly cured wounds by being applied to the
weapon that caused the wound. The efficacy of the ointment, according to Digby, lay in
the fact that invisibly small particles of the ointment were carried from the weapon to the
wound by invisibly small particles of blood left on the weapon returning to the wound
(the idea being that the smallness of the particles guaranteed that they were more
penetrating into the recesses of the wound, without clogging up the wound or the natural
movements of the blood and other bodily fluids). The particles of blood on the weapon
were held to return to the wound because of what sounds, in Digby’s description, exactly
like a sympathetic attraction to the blood in the open wound.

Other English thinkers, like John Wilkins (1614-1672) and William Petty (1623-
1687), promoted a deanimated version of Gilbert’s magnetic philosophy, in which
magnets were said to have an energy or a vigor extending outward in a sphere of activity
by which they could attract other magnetic bodies. Petty even went so far as to make
magnetic atoms the basis of his matter theory. While Descartes explained magnetic
phenomena in terms of the movements of invisible corpuscles, Petty suggested that the
invisible particles that constituted all bodies may be tiny magnets whose interactions with
one another could account for cohesion, contraction, and expansion (depending upon the
orientation of the particles to bring about mutual attractions or repulsions) and other
phenomena,

This English group of mechanical philosophers was also sympathetic to Kepler’s
attempt to explain planetary motions by drawing upon Gilbert’s magnetic philosophy. In
his Attempt to Prove the Motion of the Earth (1674), Robert Hooke (1635-1703)
suggested that it might be possible to explain the elliptical orbits of the planets on the
assumption of a tangential motion in a straight line, bent around by an attractive force
operating between the planet and the Sun and varying in an inverse proportion to the
distance between them. Hooke wrote to ask Isaac Newton (1642-1727) his opinion of
this theory in 1679 and so should be given some credit for the development of the
universal principle of gravitation even though he, unlike Newton, was incapable of
providing a precise mathematical analysis and confirmation of the theory.

Prior to this correspondence with Hooke, Newton had been thinking of planetary
movements in terms of a balance between inward and outward pressures caused by
particles moving toward and away from the Sun; only now did he think in terms of a
single attractive force operating across vast distances of empty space. As is well known,
however, Newton went on to develop a theory of gravitational attraction between all
bodies that was judged by Continental mechanical philosophers, if not by English
thinkers, to be too occult to be acceptable. Furthermore, Newton expressed a hope in the
Preface to his first great work, his Principia mathematica philosophiae naturalis
(Mathematical Principles of Natural Philosophy, 1687), that we might one day be able to
explain all phenomena in terms of attractive and repulsive forces between particles.
Newton indicated how such a philosophy might work in a series of speculative “Queries,”
which he appended to his second major work, Opticks (1704, 1706, 1717). These
speculations proved immensely influential upon eighteenth-century natural philosophy,
particularly in the field of chemistry, in which notions of differential attractiveness
between substances gave rise to the important notion of chemical affinity.

Influential as Newtonian attraction was, it is important to note that Newton himself
was somewhat ambivalent about the notion of attraction. Although in a number of places
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he writes freely of attractive (and repulsive) forces operating between bodies, there is
evidence to suggest that he believed that magnetic and electrical attractions could be
explained in mechanistic terms by the circulation of invisible particles emitted from the
magnetic or electric body. Accordingly, at one point in the Opticks he cautioned that
“What | call Attraction may be perform’d by impulse.” Even so, in the second edition of
the Principia (1713) Newton added a third Rule of Reasoning about universal qualities in
which he insisted that gravitational attraction had more right to be considered a universal
property of body than impenetrability, since we have no manner of observing the
impenetrability of celestial bodies, but astronomical observations enable us to confirm
their mutual gravitation.
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Automata

Traditionally, automata were understood to be self-moving mechanical devices that
contained not only a source of power, but also their own plan of action. “Automata are
Mechanical or Mathematical Instruments or Engines, that going by a Spring, Weight, etc.
seem to move of them selves, as a Watch, Clock, etc.” (John Harris, Lexicon technicum,
1736). Mechanical clocks were subsumed under this category; other automata were
capable of imitating humans and animals, of performing music, of replicating the motions
of celestial bodies, and so on.

Inventions of automata have been reported in ancient, Hellenistic, and Byzantine
Greece, in ancient China, and in the classical Islamic world. Some of these reports are
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inherently improbable; others, usually involving water clocks or related hydraulic devices
(examples are the books of Hero of Alexandria in the first century and al-Jazari in
Mesopotamia, ca. 1200), convince by providing realistic technical details and
illustrations.

With the invention of the mechanical clock in western Europe in the late thirteenth
century, weight-driven and regulated by a verge-and-foliot escapement, automata became
part of daily life. Clocks, installed in public buildings, spread quickly over Europe,
indicating the time on large dials visible from outside and by striking the hours on bells,
but often also giving astronomical indications, playing music, or displaying animated
figures. Well-known early examples are the astronomical clock of Richard of
Wallingford, abbot of Saint Albans in Hertfordshire (ca. 1330); the monumental clock of
Strasbourg cathedral (1352) with its celebrated crowing cock; and Giovanni de’ Dondi’s
planetarium clock (Padua, 1348-1364).

The adoption of spring power to clockwork in the mid-fifteenth century made clocks
small, portable, and mass-producible. Clocks with the basic time indications, but often
also capable of serving as an alarm clock and of performing, in any combination, the full
range of automata functions, were produced by the thousands. Increasingly, automata,
dispensing with time-keeping, were dedicated to a single function, such as impersonating
animals or humans. Centers of this technology, to the middle of the seventeenth century,
were the south German cities of Augsburg and Nuremberg. In the eighteenth century, the
skill of automata building was brought to pinnacles of perfection by Jacques de
Vaucanson, whose much admired automatic duck (Paris, 1739) appeared to eat and
digest, and by Pierre Jacquet-Droz, whose androids, lifelike automata in human form,
could, for example, write with pen on paper (Neuchétel, ca. 1772). By the end of the
nineteenth century, the technology of automata had declined to the level of mass-
produced sheet-metal toys. When the concept of the automaton recovered new currency
in twentieth-century cybernetics and computer science, it benefited more from the
intellectual glamor of the ancient automata tradition than from any of its technological
ideas.

The intellectual history of the automaton was fueled by one idea: man’s quest for
replicating God’s act of Creation by building machines that showed the characteristics of
living beings or of the universe. Three phases are notable in this history. From antiquity
to the end of the Renaissance, there was a continuous tradition of automata legends:
accounts of inventors of superhuman, if not supernatural, power creating mechanical life.
Often these legends were attached to famous names: Daedalus, Archytas of Tarentum,
Vergil, Albertus Magnus, Leonardo da Vinci, René Descartes; they were consistently
uncritical, celebrating miraculous feats without discussing what was behind them; they
presented events from antiquity, from the Middle Ages, and the Renaissance as linked in
unbroken continuity; they were repeated so often that they must have been familiar to any
literate person.

In the Scientific Revolution, the automaton concept was alive mainly through two
ideas: the image of the clockwork universe, comparing the movements of celestial bodies
with that of clockwork; and the image of animal automatism, comparing the functioning
of animal bodies with that of automata. Implied in these comparisons was a belief in a
similarity of origins (the act of Creation was compared with the work of an inventor-
craftsman) and in a program-controlled (i.e., deterministic) manner of operation.
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Prominent advocates of the clockwork-universe analogy were G.W.Leibniz (1646-1716)
and his follower Christian Wolff (1679-1754)); champions of animal automatism were
René Descartes (1596-1650), who based a comprehensive theory of physiology upon it,
and J.O.de La Mettrie (1709-1751), whose book L’Homme machine (Man Is a Machine,
1747) presented it in the most radical form.

In the nineteenth century, the notion of artificial man was kept alive in Romantic
novels. The impact of the stories of E.T.A.Hoffmann carried over even into opera (The
Tales of Hoffmann) and ballet (Coppelia, Nut-cracker). Karel Capek’s robot is a late
representative of this tradition.
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Auzout, Adrien (1622-1691)

An early member of the Paris Academy of Sciences, Auzout was highly regarded for his
skill in astronomy, mathematics, and physics and is best remembered for his work with
the telescopic micrometer. A member of several scientific societies, he first joined the
Mersenne Circle and the Cabinet Dupuy and later became an habitué of the Montmor
group. In 1664, following an audience with Louis XIV, Auzout dedicated his
Ephemerides du comete (1664) to the king with an open letter calling for a royal academy
and construction of an observatory.

Auzout’s most creative work was in concert with Christiaan Huygens (1629-1695)
and Jean Picard (1620-1682) developing the crosshair (filar) micrometer eyepiece.
Although he was not a systematic observer, Auzout encouraged optical over open-sight
observation and was an early champion of telescopes with long focal lengths. When Isaac
Newton (1642-1727) announced his new reflecting telescope, Auzout wrote expressing
reservations about its durability.

Auzout was easily drawn into controversy, notably with Giuseppe Campani (1635-
1715) on telescopes, Johannes Hevelius (1611-1687) on comets (1665), and Claude
Perrault (1613-1688), the architect, concerning plans for the Paris Observatory. This last
dispute, fore-shadowed by a scathing critique of Perrault’s translation of Vitruvius,
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somehow angered Colbert, Louis XIV’s chief minister. For whatever reason, Auzout
soon ceased to be an academicien. According to Ismaél Boulliau (1605-1694), his
longtime friend had been branded “un contradicteur et paresseux” (“a lazy gainsayer”).
Auzout left for Italy in 1668. Although he later returned to France (1676) and toured
England (1683), he spent his last years in Rome (1685), where he died. Auzout published
pamphlets, not books; many appear in the Mémoires of the Académie Royale des
Sciences in Paris (Paris, 1729). Most of his letters are lost; his unpublished journals for
research projects can be found in the unpublished minutes in the academy’s archives.

BIBLIOGRAPHY

McKeon, Robert. “Etablissement de I’astronomie de precision et Oeuvre d’Adrien Auzout.” Ph.D.
diss. University of Paris, 1965.
Hetherington, Norriss S. “The Hevelius-Auzout ControASTRONOMY 55 versy.” Notes and
Records of the Royal Society of London 27 (1972), 103-106.
Sturdy, David J. Science and Social Status: The Members of the Académie des Sciences, 1666—
1750. Woodbridge: Boydell, 1995.
ROBERT A.HATCH
See also Académie Royale des Sciences; Montmor Academy; Observatoire de Paris;
Picard, Jean; Telescope



Encyclopedia of the scientific revolution 102

B

Bacon, Francis (1561-1626)

British philosopher, historian, essayist, jurist, and statesman. Born to Sir Nicholas and
Lady Anne Bacon, prominent and learned members of the new Tudor political class,
Francis was educated at Trinity College, Cambridge (1573-1575), and afterward at
Gray’s Inn (1576), where he pursued the legal studies that provided him with an income
and raison d’étre until he obtained the preferment that eventually carried him to the lord
chancellorship, an office from which, charged with taking bribes, he fell in 1621. He
spent his last days pursuing the philosophical and literary projects that he had been
developing for more than thirty years.

The grand design unifying Bacon’s writings, career in government, and efforts to
reform the natural sciences was the vision of Great Britain as an efficient, centralized,
and expansionist monarchy. This design was, above all, knowledge-based. Knowledge, in
Bacon’s famous dictum, was power. Knowledge was for use, and, if unfit for use, it must
be rebuilt to enable humankind to recover the losses of the Fall. In pursuit of this vision,
he wrote in the early 1600s a number of short studies, the most important of which were
Temporis partus masculus (The Masculine Birth of Time, ca. 1602) and Valerius
Terminus of the Interpretation of Nature (ca. 1603), Cogitata et visa (Thoughts and
Conclusions, ca. 1607), and Redargutio philosopbiarum (The Refutation of Philosophies,
ca. 1608). These and other texts were rehearsals for the large-scale texts of the
Instauratio magna (The Great Instauration).

The Instauratio (1620-1626)—a colossal, unfinished (and unfinishable) six-part
sequence of works—was the crowning achievement of Bacon’s philosophical career.
According to the plan of the Instauratio, Part | was to be a survey of knowledge that
would identify its deficiencies and give directions and advice for their correction. The
requirements for Part | were met by the De augmentis scientiarum (On the Growth of
Knowledge, 1623). The restrained language of this huge work expresses a bold and
original conception of knowledge: Bacon did not construct an erudite, encyclopaedic
summation of existing knowledge (the project of many Renaissance scholars) but shaped
an anti-encyclopadia dedicated to the notion that knowledge should grow. This notion
helps explain the originality of the classification of knowledge in the De augmentis. The
classification gives unprecedented weight to history in general and to natural history and
the history of the mechanical arts in particular. The classification enshrines a revaluation
of the empirical, the experimental, and the technological. True science must rest upon
empirical and experimental data and data derived from mechanical arts (i.e., from
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technology). Technological data would help guarantee that natural philosophy would
embody the idea of progress. Technology, Bacon believed, was the engine of history.
History was not propelled by social struggle, economics, stellar influences, or the rise and
fall of empires and religions but by technological change. Chance discoveries like the
printing press, gunpowder, and the mariner’s compass had changed everything, and, if
chance could do that, how much greater would be the changes if technological advance
could be procured deliberately and by rational methods. What if rational science and
technology could be brought into a new relationship and so simultaneously deflect
Pyrrhonist attacks on the possibility of knowledge and displace the sterile systems of
everyone from Aristotle to Copernicus?

Courtesy Whipple Museum of the
History of Science, Cambridge,
England.

Bacon’s proposals for realizing these ambitions appear in Part 11 of the Instauratio, which
contains the celebrated two-book Novum organum (1620). Book I is a brilliant critique of
extant philosophical systems and ways of acquiring knowledge. Its centerpiece is the
Doctrine of Idols (illusions), a doctrine aimed at countervailing inherent and acquired
intellectual vices. There are four kinds of idol: Idols of the Tribe, illusions generated by
the innate weaknesses of the senses and understanding; ldols of the Cave, which arise
from the particular circumstances of one’s unique upbringing, education, and
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enthusiasms; Idols of the Marketplace, imposed on the mind by words; and, lastly, Idols
of Theater, which spring from the dogmas of the philosophers.

Book Il is an account of the new method designed to counteract the idols and generate
the new sciences—though Bacon never used the word “method” (methodus) in this
context; he preferred to speak of his new “way” (via) or “means” (modus), which
proceeds by applying inductive routines to the data of natural history to yield
progressively more powerful “axioms.” Natural philosophy rises from physics to
metaphysics, and these two sciences are differentiated by the causes they seek. Physics
deals with material and efficient causes; metaphysics, with formal and final. Here Bacon
was engaged in a typical maneuver—the appropriation of Aristotelian terminology for
non-Aristotelian ends. For instance, Baconian matter was not passive, abstract, pure
potentiality (a view he attacked vigorously) but has its own sources of activity. Likewise,
with metaphysics Bacon was really concerned with formal causes alone. Like René
Descartes (1596-1650), he was no teleologist who consecrated final causes (explanations
in terms of purpose or end) to God, and banished them from natural philosophy
altogether. Bacon believed that physics would yield an applied knowledge called
mechanics, while metaphysics, the highest grade of human knowledge, would yield
magic. For Bacon, as for many Renaissance thinkers, magic signified not black magic but
the ultimate legitimate power over nature.

The early part of Book Il culminates in the famous trial investigation of the form of
heat. The rest is devoted to a lengthy discussion of “prerogative instances” and is
implicitly a reservoir of materials relating to Bacon’s speculative philosophy (see below)
and explicitly an analysis of privileged classes of data. This analysis comprises the most
sophisticated treatment of the theory of experiment and, in particular, of crucial
experiments written up until that time. However, the analysis is but one of the nine topics
planned for Book Il. If Bacon had tackled the other eight, the unfinished Novum organum
could well have been four times longer than it is. As so often with Bacon’s writings, we
are left with a partial realization of a colossal program.

Part 111 of the Instauratio was reserved for natural history, but not natural history in
the Renaissance tradition. Turning against the philological, antiquarian, and authority-
ridden styles characteristic of earlier activity in the field, Bacon defined natural history in
functional terms (i.e., as the foundation upon which the new sciences were to be raised).
Bacon believed that the standards the new natural history would have to meet were so
high that the new sciences would come into being only after generations of cooperative
work conducted within a state-funded institutional framework. The instauration of
philosophy could not be accomplished by any single individual. Nevertheless, fearing
that his idea of natural history might be misunderstood, Bacon planned to produce six
prototype natural histories, six imperfect representations of the ideal subsequent
generations might achieve. The plan was another that Bacon left unfinished. The first of
the histories, the Historia ventorum (History of the Winds), was published in 1622; the
second, the Historia vitee et mortis (History of Life and Death), in 1623; and the third,
Historia densi et rari (History of Dense and Rare), which he left incomplete, was
published post-humously by his secretary, William Rawley, in 1658. The other three
histories never progressed beyond their prefaces. But for all that, the natural histories are
important documents. In the Historia, ventorum, Bacon accomplished the considerable
feat of making the weather boring. Here is a history without marvels or prodigies that
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insists on the importance of a systematic and thoroughly empirical approach to
meteorology. As for the Historia vite et mortis, it was concerned with an objective—the
prolongation of life—that he regarded as one of the highest his new, operative science
could achieve. The work is an elaborate collection of data on factors governing durability
in things animate and inanimate and mortality in living ones. And, like the Historia densi
et rari, the Historia vite exhibits great faith in the efficacy of quantitative data in natural
philosophy, a faith with which he has seldom been credited with by his critics.

Besides those mentioned above, Bacon wrote another natural history, the Sylva
sylvarum. Published in 1626, it is quite unlike the others. Despite its Latin title (translated
freely: A Storehouse of Building Materials), the work is in English and so may not have
been destined for Part 11 of the Latin Instauratio at all. Moreover, unlike the Latin ones,
it was not a single-subject history but a miscellany of one thousand “experiments”
(Bacon here uses the word in its most multivocal Renaissance senses) arranged, often
arbitrarily, into ten “centuries.” A melange of Bacon’s own experiments and materials
from the writings of authors ancient and modern, the Sylva was unquestionably his most
popular scientific work up to the end of the seventeenth century. Its success can no doubt
be attributed, in part, to the fact that it was published with the New Atlantis, Bacon’s
celebrated excursion into utopian fiction. This extraordinary prefiguration of a society
based on institutionalized scientific research was perhaps the only such fiction ever to
have been partly realized, as it was, almost thirty-five years after Bacon’s death, with the
foundation of the Royal Society of London.

With the last three parts of the Instauratio, the necessary incompleteness of Bacon’s
program is particularly apparent. In Part IV Bacon had intended to present worked
examples of his methodological precepts in action. Part IV would enable the reader to see
what investigations conducted in terms of the doctrines embodied in Parts Il and Il
would actually look like. But apart from a few preliminary sketches written toward the
end of his life, he wrote only the introduction to Part IV, the Abecedarium novum naturae
(New ABC of Nature, ca. 1623) which tells us quite bluntly why Part IV was beyond his
powers: he simply did not have data of sufficient quantity and quality to make its
fulfillment a realistic possibility. Parts VV and V1 of the Instauratio met a similar fate. Part
VI was reserved for the new natural philosophy itself, but it remained empty: the nature
of Bacon’s program was such that he knew he would not live to see its fruition. He
nevertheless hoped that, once his program was implemented, materials in Part V might
one day be promoted into Part VVI. What then was the function of Part VV?

Although Bacon wrote nothing specifically for it, Part VV was for provisional theories
reached not by his new method but by ordinary reasoning. These theories constituted an
entire speculative system, organized aspects of which appear in the De fluxu et refluxu
maris (Ebb and Flow of the Sea, ca. 1611) and Thema coeli (Theory of the Heavens, ca.
1612). Eclectic to a fault, Bacon raided disparate traditions to fashion a hybrid that
embodied peculiar alliances of ideas developed in response to philosophies ancient and
modern. The system was, in effect, an emulative meditation on atomism, Aristotelianism,
Copernicanism, Galileo Galilei’s (1564-1642) discoveries, the writings of Paracelsus (ca.
1491-1541), William Gilbert (1544-1603), Bernardino Telesio (1509-1588), Francesco
Patrizi (1529-1597), and many others besides.

This system represented the universe as a finite, geocentric plenum. The earth
consisted of passive, tangible matter; the rest of the universe contained active pneumatic,
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or spirit, matter. The earth’s pure tangible insides were surrounded by a crust that
belonged to the frontier zone between the interior and the pure pneumatic heavens. This
zone reached some miles into the crust and some into air. Only here did pneumatic matter
mix with tangible, and from this mixture many terrestrial phenomena originated.

Pneumatics mixed with tangible matter were “attached spirits” and distinct from the
“free spirits” outside tangible bodies. There are four kinds of free spirit. Two, air and
terrestrial fire, were sublunary; the

TABLE 1. The Two Quaternions

SULFUR QUATERNION MERCURY QUATERNION

TANGIBLE SUBSTANCES Sulfur (subterranean) Mercury (subterranean)

(WITH ATTACHED SPIRITS) Oil and oily inflammable Water and “crude”

substances (terrestrial) noninflammable substances
(terrestrial)

PNEUMATIC SUBSTANCES  Terrestrial fire (sublunary) Air (sublunary)

Sidereal fire (planets) Ether (medium of the planets)

other two, ether and sidereal fire, were celestial. Ether, the medium in which the planets
(globular aggregations of sidereal fire) moved around the central earth, was a tenuous
kind of air; both air and ether belonged to a family—the mercury quaternion—that also
included watery bodies and mercury (see Table 1).

Terrestrial fire was a feeble version of sidereal fire, and both of these join with oily
substances and sulfur in the sulfur quaternion. The quaternions expressed antithetical
qualities, so air and ether warred upon their opposite numbers, fire and sidereal fire. The
issue of the struggle depended on distance from the Earth: air and ether became
progressively weaker as terrestrial and sidereal fire grew stronger.

Bacon used the quaternion theory (which owed much to Renaissance pneumatology
and Paracelsian thought) to develop a view of planetary motion that estranged him from
the major systems of his day: the diurnal motion, driven by sympathy, carried the heavens
westward about the earth. Where sidereal fire was powerful the motion was swift, so the
stars completed a revolution in exactly twenty-four hours. But sidereal fire became
weaker nearer to the earth, so that a lower planet moved more slowly and erratically than
a higher. This consensual motion was not confined to the heavens. Aiming at a unified
physics, Bacon extended the explanatory powers of the quaternions to wind, tide, and
verticity; this brought him into conflict with William Gilbert’s philosophy and Galileo’s
theory of the tides. The conflict was inevitable; Gilbert and Galileo thought the earth
moved, Bacon did not.

Bacon’s system had two interlocking departments: one comprised the cosmological
phenomena summarized above; the other embraced terrestrial things. The second was
logically dependent on the first, for explanations applied to the terrestrial domain were
integrated with, but subordinated to, those deployed in the cosmological. The latter were
dominated by the quaternion theory; the former, by explanations framed in terms of
intermediates. These combined the qualities of members of one quaternion with those of
their counterparts in the other (see Table 2).
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Each quaternion had four members, so there were four types of intermediate. From a
theoretical point of view, the principal intermediates were the fire-air intermediates, the
“attached” animate and inanimate spirits. Inanimate spirits were incarcerated in all
tangible bodies, including living ones; animate spirits were found in living bodies alone.
Bacon’s matter theory thus comprised twelve major categories: the eight substances of
the quaternions and the four classes of intermediate. These categories constituted a
framework for interpreting all natural phenomena, including terrestrial phenomena as
diverse as spontaneous generation, projectile motion, plant growth, and the workings of
the nervous system.

This provisional system is important not least because it reminds us that, for all of his
apparent modernity, the architect of the great instauration thought in ways remote from
our own.
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TABLE 2. Bacon’s Theory of Matter

SULFUR INTERMEDIATES MERCURY
QUATERNION QUATERNION

TANGIBLE Sulfur (subterranean)  Salts (subterranean and Mercury

SUBSTANCES inorganic beings) (subterranean)

WITH ATTACHED —_. - - -

(SPIRITS) c Oil and oily Juices of animals and Water and “crude”
inflammable plants noninflammable
substances substances (terrestrial)
(terrestrial)

PNEUMATIC Terrestrial fire Attached animate and Air (sublunary)

SUBSTANCES (sublunary) inanimate spirits (in

tangible bodies)

Sidereal fire (planets) Heaven of the fixed stars  Ether (medium of the
planets)
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Baconianism

There is no such thing. The term is a reification denoting the alleged “influence” of
Francis Bacon (1561-1626) on the turbulent intellectual cultures of seventeenth-century
Europe. It is seldom a good idea to speak of “influences” and never a good idea to speak
of Baconianism in the singular. Rather, there were Baconianisms, though probably never
quite as many as there were people who took the lord chancellor’s name in vain. During
the seventeenth century, Bacon’s words were on everyone’s lips, though not always fixed
in their understandings. His writings were invoked by all sorts and conditions of
individuals: virtuosi on the make, provincial projectors, improving colonialists,
millenarian visionaries, Royalists and radicals, Anglicans and Puritans, Calvinists and
Latitudinarians, educational and social reformers, promoters of the New Science and
defenders of the Old Erudition. The celebrities of the Royal Society were seemingly as
keen to associate themselves with Bacon’s program as was the host of lesser figures who,
as self-interest or philanthropy prompted, flocked to the noble but amorphous banner of
the Experimental Philosophy.

That may, at any rate, have been the case in Great Britain from the early 1640s
onward. But it is possible (though not certain) that, before then, Bacon’s reputation stood
higher on the European continent than in his native land and that various brands of
Baconianism were subsequently reimported to mix with, reinforce, and shape emergent
homegrown Baconianisms that came to the fore during the protracted crises of the
Interregnum. In France, and the Low Countries, for instance, Bacon’s name was well
known from the early 1620s. In France, Pierre Gassendi (1592-1655) and Marin
Mersenne (1588-1648) were among Bacon’s earliest admirers and critics. The Dupuy
brothers, Pierre (1582-1651) and Jacques (1586-1656), librarians to the king of France,
were instrumental in preserving manuscripts stolen from Bacon by Philippe Fortin de la
Hoguette (1585-ca. 1668). Hoguette’s copy of Bacon’s 1623 De augmentis scientiarum
(On the Growth of Knowledge), hot off the press, was broken up by N-C.Fabri de Peiresc
(1580-1637) to provide copy for the 1624 Paris edition of the work. Peiresc and members
of his circle had evidently been longing for this publication: it would at last give them
access to Bacon’s compelling survey of the intellectual globe, a survey now rescued from
the provincial obscurity of the English language (i.e., The Advancement of Learning,
1605) and released into the big, wide world of Latin erudition. In the Netherlands,
Constantijn Huygens (1596-1687) and Isaac Beeckman (1588-1637) were among
Bacon’s earliest and most prominent readers. Huygens had actually met Bacon; he
disliked the man but admired his philosophy. As early as 1621, he solicited Daniel
Heinsius’s opinion of the Instauratio magna (The Great Instauration); by the end of the
decade, he was being pestered by Jan Brosterhuysen (1596-1650) for a copy of the Sylva
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sylvarum (1626). Between 1623 and 1628, Beeckman wrote copious notes on Bacon’s
philosophy and, in particular, on the experiments of the Sylva. In this, Beeckman was one
of the first commentators on what was to become by far Bacon’s most popular work in
the seventeenth century, a work later translated into Latin (1648) by another Dutchman,
Jacob Gruter (1614-1652), whose brother Isaac (1610-1680) not long afterward
published a number of important Bacon manuscripts that he had inherited from the
British diplomat Sir William Boswell (ca. 1580—ca. 1650).

But among the propagators of Bacon’s fame in England, the most important came not
from western but from central Europe. Notable here are Jan Amos Comenius (1592-
1670), pansophist and educational theorist; John Dury (1596-1680), preacher of
ecclesiastical reconciliation; and, above all, Samuel Hartlib (ca. 1600-1662), whose
indefatigable activity has come to occupy the center ground of our understanding of his
age. Hartlib, with all of his shallow originality and insatiable curiosity, stood at the focus
of Protestant and, particularly, Calvinist thinking about education, science, philosophy,
colonialism, and economic affairs during the Interregnum. He was a promoter of the
mercantilist-imperialist Baconianism also canvassed by his friend Benjamin Worsley
(1618-1677) and practiced with mixed results by the Irish Protestants and their
apologists. He tirelessly promoted schemes for institutionalizing the production and
exchange of scientific and technological information, schemes with Baconian roots,
schemes that aligned Hartlib with individuals who were to become founder members of
Royal Society. He espoused an eclectic approach to epistemological questions, an
approach that was broadly Baconian in some of its essentials and had much in common
with the natural-historical Baconianism developed by Ralph Austen (d. 1676), John
Evelyn (1620-1706), William Petty (1623-1687), and John Graunt (1620-1674) and
(later) by Robert Hooke (1635-1702), Robert Plot (1640-1696), and others too numerous
to mention.

Hartlib promoted the various manifestations of his eclectic brand of Baconianism
during the unprecedented intellectual ferment that marked the Interregnum and, with it,
the collapse of official censorship. In that period, Bacon’s writings were more than ripe
for selective appropriation, for they offered an ideology of remarkable consistency and
force, yet one that (like all good ideologies) could be adopted flexibly and piecemeal.
From Robert Boyle (1627-1691) and Thomas Vaughan (1622-1666) to John Beale (ca.
1613-1682) and John Wilkins (1614-1672), an alphabet of notabilities pressed Bacon’s
name into the service of many causes, not all of which were in mutual harmony. People
from quite different political and religious positions felt that Bacon belonged to them. For
instance, John Webster (1610-1682), the chemist and metallurgist, enlisted Bacon in the
struggle for university reform, while Webster’s opponent, Seth Ward (1617-1689), tried
to capture the Great Instaurator for the status quo. The Webster-Ward controversy is but
one sign of the remarkable plurality of Commonwealth Baconianisms, a plurality that
stands in contrast to the wouldbe “official” Restoration Baconianisms to be seen in the
writings of Thomas Sprat (1635-1713), Boyle, Hooke, and later still in the work of Isaac
Newton’s (1642-1727) popularizers.

The sheer range of seventeenth-century Baconianisms makes them difficult to
generalize about—especially so for historians who believe that it is risky to talk about
Bacon’s influence (talk that implies an unnatural passivity on the part of the influenced)
but proper to talk of responses to Bacon (talk that implies difference, debate, and
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differential absorption on the part of the responders). What Bacon meant to seventeenth-
century writers was almost as various as the writers themselves. However, one can say
that, with differences of emphasis and application, Bacon’s appropriators claimed to be in
favor of some or all of the following: negotium (employment, activity) rather than otium
(leisure); an experimental, natural-historical, and broadly inductive approach to the
natural sciences; the institutionalization of science and of the means of gathering,
collating, and communicating knowledge; planned, cooperative research; rational
“utilitaria” and technological solutions to social problems (not least if there was money in
it). Likewise, they claimed to be opposed to some or all of these: useless erudition,
premature system building, metaphysical speculation, superstition, theological
controversy, undue reliance on unaided reason, Aristotelianism, and anything that
smacked of Scholasticism.

One of the principal elements of Bacon’s philosophy appropriated by seventeenth-
century authors was the natural-historical program. Once again, responses to this program
were protean. There was, for instance, a widespread “demotic” appeal to Bacon’s name.
His writings were used to legitimize the “democratization” of seventeenth-century
English natural philosophy (i.e., the growing belief that anyone with a barometer and a
passion for mere data could get in on the act as far as the New Philosophy was concerned
and that anyone, however unlettered, might make what could be represented as a serious
contribution to the sciences). The natural-historical program also proved to be a rich
source of arguments and examples to individuals who moved in more exalted circles.
This may be seen in (1) the “statistical” Baconianism of Graunt and Petty (inspired by
Bacon’s Historia vitee et mortis [History of Life and Death, 1623]); (2) the economic and
topographical Baconianism of Arnold (ca. 1600-ca. 1653) and Gerard Boate (1604—
1650) Joshua Childrey (1623-1670), Petty, and Plot; (3) the highly developed, critical
experimentalism and methodological thought of Boyle and Hooke; and (4) the collective
and “official” labors of the Royal Society in its early years.

Prominent among these last were Sprat’s History of the Royal Society (1667) and the
History of the Trades project. The former, often and perhaps wrongly taken for a
statement of the official ideology of the Royal Society, echoed Bacon at every turn. In
fact, it may be that Sprat, in his search for a comprehensive justification of the New
Philosophy, failed properly to address the complexities of the contemporary situation and
s0, in his selection of examples of the society’s work, presented an uncontentious picture
that played down the role of hypothesis and exaggerated Baconian accumulation of
natural-historical data. As for the History of the Trades, it was a quintessentially
Baconian project, embodying the conviction that technology was crucial to natural
history and the key to social progress. Yet, the project’s achievements were destined to
fall short of its aspirations. It turned out to be very difficult to accumulate technological
data, to derive genuine improvements from the energy invested, and so to capture the
enthusiasm of members in the last two decades of the century. Among scientific
intellectuals, this aspect of Bacon’s program had to wait for its apotheosis until the
eighteenth century and the revolution represented by the French Encyclopaedia. But that
is another story.
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Baliani, Giovanni Battista (1582—-1666)

Trained as a lawyer, he did important work in physics, though he spent most of his life in
public service. While in charge of the fortress at Savona in 1611, he noted that cannon
balls of varying weights fall at the same speed. Informed of Galileo Galilei’s (1564-
1642) interest in this subject, in 1614 he opened a correspondence with him that lasted
many years. His publications include a treatise on the natural motion of heavy bodies,
published in 1638, in which he discussed free fall, the pendulum, and motion on inclined
planes. He expanded this work in 1646 to discuss the cause of acceleration in falling
bodies, which he attributed to a building up of impetus during the fall, and to include the
motion of liquids. There is evidence that Baliani actually performed the “ship’s mast”
experiment, in which a weight dropped from the top of the mast of a moving ship lands at
the foot of the mast rather than toward the rear of the vessel.

Baliani also had correspondence with Marin Mersenne (1588-1648) over the
barometer and was the first to explain the operation of the siphon in terms of the “ocean
of air” (il pelago d’aria), or atmospheric pressure. He favored the Tychonian system of
the world over that of Nicolaus Copernicus (1473-1543) and though that the earth’s
motion might be the cause of the tides. In 1647 he composed a work on the plague and
the way it was propagated; in this, he anticipated ideas later expounded by Thomas
Malthus (1766-1834). Baliani’s previously unpublished writings were printed in the year
of his death and then reissued in 1792, along with a brief biography by an unnamed
author. His correspondence with Galileo, which was intermittent, is found in the National
Edition of Galileo’s works, volumes 12-18; that with Mersenne (to 1640), in
Correspondance de P. Marin Mersenne (1945-1965).
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Ballistics and Gunnery

The theoretical study of motion, relevant to exterior ballistics, predated the introduction
of gunpowder in the West in the fourteenth century and was linked to arrows and other
projectiles. Aristotle’s (384-322 B.C.E.) views on dynamics reappeared in Europe during
the revival of learning in the twelfth century and, although increasingly criticized, were
still held in the sixteenth century and for much of the seventeenth. The idea of impetus,
however, associated with Jean Buridan had an enduring effect, as did kinematical views
from Gerard of Brussels (early thirteenth century) to the fourteenth-century Merton
school at Oxford, which clarified the notions of uniform velocity and accelerations,
allowing the use of numerical results.

This background was made widely available in the early sixteenth century by Alvaro
Tomas (fl. 1509). Leonardo da Vinci (1452-1519) showed a knowledge of the medieval
background and attempted to unite theory and practice, but the mathematicians were far
from successful in this. Niccold Tartaglia’s (ca. 1499-1557) result in 1537 that maximum
range on level ground is obtained by a firing elevation of 45° was questionable in
practice, whatever its application in the vacuum, against which many earlier writers had
advanced strong arguments. However, the sighting and surveying instruments he
suggested became increasingly important. This tradition was continued by several
persons in the sixteenth and early seventeenth centuries but with sometimes exaggerated
accuracy of detail.

The construction, charge, and shot of both large and small pieces was essentially a
practical trade, with numerous practitioners vying for suppport and markets. Cannons
appear just after 1300, mainly for use against city and castle walls; thereafter, progress in
firearms and powder mills was rapid, with numerous developments, including the
matchlock ca. 1450 and rifling near the end of the next century. Accounts of individual
battles and sieges show the varied tactics used aginst footsoldiers and cavalry. By 1500,
castles were no longer safe (even
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The gunners are using a sighting
device and a quadrant to gauge the
proper elevation for the cannon. From
Johannes Stoffler,
Der...mathematischen und
mechanischen Kiinst (1541).

Constantinople had fallen in 1453), and soon cannon were used in the open field. The
arquebus challenged the supremacy of the pike, and musketeers could hold defensive
positions by 1522. Actions at sea involved cannon shot aimed at timber, men, or sails,
either directly or indirectly off the water and sometimes at point blank range.

The first century of printing led to great developments in mathematics, and these bore
fruit in ballistics early in the seventeenth century. Developing Francgois Viéte’s (1540-
1603) algebraic methods, Thomas Harriot (ca. 1560-1621) compounded constant
velocities and accelerations to demonstrate the parabolic orbit in a vacuum, and, allowing
the motion (either horizontally or obliquely) to vary as certain arithmetic sequences, he
obtained the tilted ballistic parabolas and their ranges. This has been described by
Johannes Lohne (1979) as the emergence of ballistics as a science, had Harriot published;
it was rediscovered by James Gregory (1638-1675) in 1672. The basic parabolic orbit,
however, was first published by Bonaventura Cavalieri (1598-1647) in 1632. Galileo
Galilei’s (1564-1642) results on such trajectories did not appear until 1638, together with
tables of height attained and ranges. Air resistance, particularly at higher velocities,
vitiated such work from the practical point of view. A little later, in 1644, Evangelista
Torricelli (1608-1647) discovered the enveloping paraboloid of safety, outside which no
shot of given initial speed may penetrate, whatever its inclination. Internal points can be
attined by either a high-angle shot (howitzer was the later name given it in 1695), or a
low-angle shot. Torricelli, too, gave tables relating inclination and range and, like
Galileo, wrote (in part, at least) in Italian rather than Latin for the practical user.
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Harriot’s arithmetic sequences summed to squares, but it was Christiaan Huygens
(1629-1695) who, having suggested in 1668 and earlier that air resistance varied directly
with velocity, next asserted in 1669 that the square of the velocity gave a better account.
This work was published in 1690. Just before this, Isaac Newton (1642-1727)
transformed the subject by adopting the linear inertia of René Descartes (1596-1650) and
allying it openly with the recent infinitesimal methods and less openly with his own
fluxions. His second law is stated not in terms of acceleration, but of changes in motion
(the old impetus, in a sense), as is made dear in his Principia mathematica philosophiae
naturalis (Mathematical Principles of Natural Philosophy, 1687).

Newton dealt with linear motion as a limiting case of motion in a conic section and
solved many problems of resisting motion depending on the velocity, including that of a
particle in a descending spiral (reentrant satellite, as we may think). He argued for the
squared resistance and the importance of such resistance and elasticity of the air. These
became increasingly recognized after further contributions by Gottfried Wilhelm Leibniz
(1646-1716) and Johann Bernoulli (1667-1748).
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Barometer

In two letters of June 11 and 28,1644, Evangelista Torricelli (1608-1647) reported to
Michelangelo Ricci on certain experiments he had performed “not simply to produce a
vacuum, but to make an instrument which would show the changes in the air, which is at
times heavier and thicker and at times lighter and more rarefied.” One experiment
consisted of filling with quicksilver several glass tubes of different diameter but with the
same height of two cubits, inverting them into a basin also containing quicksilver, and
letting the quicksilver fall down into the basin. The tubes “remained always filled to the
height of a cubit and a quarter and an inch besides.” Another experiment consisted of
filling the basin with water and slowly raising the vessel. “One could see the quicksilver
fall from the neck, whereupon with a violent impetus the vessel was filled with water
completely.”
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As a result, Torricelli maintained that the vacuum “can be produced without effort and
without resistance on he part of Nature”; that “we live submerged at the bottom of an
ocean of the element air, which by unquestioned experiments is known to have weight”;
and that “the cause for the resistance which is felt when one needs to produce a
vacuum...is the weight of the air.”

Although Torricelli’s instrument is a barometer—as it was later called by Robert
Boyle (1627-1691)—the question of whether it was first invented by Torricelli raises
historical and philosophical puzzles. If the barometer is to measure the weight of the air,
then Torricelli’s tube was no such instrument because it had no scale. If the barometer is
to confirm the theory of the atmospheric pressure and the vacuum, then Torricelli was
anticipated by Isaac Beeckman (1588-1637), Giovanni Battista Baliani (1582-1666), and
(although this is still disputed) Gasparo Berti (ca. 1600-1643). And if the barometer is to
measure the change of the atmospheric pressure, then Torricelli’s tube was a failure
because he admits that his “principal intention...has not been fulfilled.” In the end, what
Torricelli can be credited with is assembling the relevant hydrostatic concepts,
performing simple experiments, making a manageable instrument, and providing a
heuristics for further research.

This research was pursued in France and England, not in Italy, where, afraid of
another possible case (vacuum was associated with atomism and atheism), the young
followers of Galileo Galilei (1564-1642) kept Torricelli’s experiments almost secret until
1663. When further experimental results were obtained by others, they confirmed
Torricelli’s insight. In his second letter to Ricci, he had anticipated that, “if the air were
infinitely rarefied—that is, a vacuum—then the metal would descend entirely.” At the
end of the seventeenth century, these bold predictions had become ordinary facts.
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Barrow, Isaac (1630-1677)

Wrote on optics (1669) and published editions of Euclid, Apollonius, Archimedes, and
Theodosius. His forceful sermons and tracts occupy nine volumes in an edition published
in 1859. A leading scholar and Royalist, Barrow graduated B.A. (1648) and M.A. (1652)
from Trinity College, Cambridge. Elected Fellow in 1649, by 1655, during the
Commonwealth, he was persuaded to leave Cambridge to go on his travels, which took
him through Europe to Turkey. Returning in 1659, at the Restoration of the Monarchy
(1660), he obtained the chair in Greek, which he had earlier been denied. In 1662 he
added the Gresham Chair of Geometry (London) and Fellowship of the new Royal
Society. In 1663 he became the first holder of the new Lucasian Chair of Mathematics at
Cambridge, but he resigned it in 1669 in favor of Isaac Newton (who, although not his
pupil, was often his protégé) to become royal chaplain in London. The king mandated his
D.D. (1670) and appointed him Master of Trinity College in 1673. Himself the nephew of
a bishop, Barrow probably expected similar elevation, but he died suddenly, seemingly of
a medicinal overdose.

Isaac Barrow. Courtesy Whipple
Museum of the History of Science,
Cambridge, England.
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While Barrow’s Lectiones geometricae (1670) and Lectiones mathematicae (1683) are
the works of an able mathematician, who had absorbed much of the precalculus writings
on tangents, quadrature, and rectification from René Descartes (1596—1650) to Christiaan
Huygens (1629-1695) and especially James Gregory (1638-1675), modern claims for
their originality and importance are exaggerated; they are more the culmination of earlier
geometrical investigations.

Barrow opposed the trend to algebraic formulations, which he thought more suitable to
logic than mathematics. His backward-looking geometrical approach brought out neither
the algorithmic nature of the calculus nor the potential importance of his many interesting
but disconnected results, which had little effect on the calculus of Isaac Newton (1642-
1727) or Gottfried Wilhelm Leibniz (1646-1716).
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Bartholin, Erasmus (1625-1698)

Best known for his study of the refraction of light in Iceland spar, which he published in
Experimenta crystalli Islandici (1669), he was professor of mathematics and medicine at
the University of Copenhagen. He had matriculated in Leiden in 1646 and traveled in
France, Italy, and England before he returned to Copenhagen in 1656. He was well
versed in mathematics and collaborated in publishing editions of works of René
Descartes (1596-1650), Frans van Schooten (ca. 1615-1660), and Florimond de Beaune
(1601-1652). In Copenhagen he published for many years a Dissertatio de problematibus
geometricis, containing mathematical problems to be studied by his students.

Bartholin presented Iceland spar as an interesting curiosity, the strange refractional
properties of which he tried to integrate into contemporary optics. The “dioptric rarity” of
the crystal is twofold. In the first place, objects seen through the crystal appear double. In
the second place, the secondary image moves about when the crystal is rotated, which
means that light rays are not refracted according to the sine law of refraction. To account
for this extraordinary refraction, Bartholin retained the geometrical structure of the sine
law. According to the sine law, there is a constant ratio between the sines of the angle of
incidence and the angle of refraction. The angles are measured with respect to the
perpendicular to the surface. Bartholin stated that, for extraordinary refraction, the sine
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law holds if the angles are measured with respect to the line parallel to the edge of the
crystal. He had investigated this experimentally. In his sketchy explanation of both the
duplicate refraction and the extraordinary character of the secondary refraction, Bartholin
drew upon the Cartesian theory of light. He supposed that the crystal has “pores” running
parallel to the faces of the crystal, in addition to the pores also found in glass and water.
Experimenta crystalli Islandici received much attention from scholars. Jean Picard
(1620-1682) brought the book, along with some specimens of the crystal, to Paris soon
after its publication. There Christiaan Huygens (1629-1695) studied it and refuted
Bartholin’s account of extraordinary refraction. Huygens’s own explanation of it would
be the foundation of his theory of light in Traité de la lumiére (1695).
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Bartholin, Thomas (1616—-1680)

A famous Danish physician and skilled anatomist, Bartholin is best known as the
physician most responsible for circulating throughout the European medical community
the numerous anatomical discoveries and experiments of the sixteenth and seventeenth
centuries. The vehicles by which Bartholin accomplished” this were his professional
correspondence with an astonishing array of Continental, English, and Scandinavian
physicians and his textbook, Bartholinus’ Anatomy (1641, with numerous subsequent
editions). Ten years’ study at the best medical schools in Italy and the Low Countries and
extensive travel in his formative years made Bartholin well qualified to do this. Upon his
return to his native country in 1646, Bartholin kept in close contact with the many
physicians whom he had met during his earlier years. His textbook, while officially a
reedition of a work of his father, Caspar Bartholin (1585-1629), went through numerous
editions and was popular throughout Europe. By inserting in parentheses medical
novelties and experiments that had surfaced since his father’s death, Thomas Bartholin
was able continually to revise and update his father’s and his own work. By citing the
works of others, he carefully avoided refuting his father, although his sympathies clearly
lay with the moderns. Not vituperative or combative, he often sought a compromise
reading of medical disputes. Hence, for example, he endorsed William Harvey’s (1578-
1657) circulation of the blood but noted the reservations of certain others, including René
Descartes (1596-1650) and Johannes Walaeus (1604-1649).
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Appointed dean of the medical faculty at the University of Copenhagen in 1656 and
physician in charge of supervising apothecaries and midwives in the kingdom of
Denmark in 1658, Bartholin was also directly involved with medicine in his homeland.
Tightly allied to the monarchy, he helped defend the state policy of promoting native
medicaments over exotic medicinal ingredients. As a prolific author on a host of medical
subjects, Bartholin represents well the state of learned medicine in seventeenth-century
Europe. As a spokesman for the New Anatomy, he also made significant discoveries
related to the human lymphatic system, which earned him the enmity of committed
Galenists.

BIBLIOGRAPHY

French, Roger. William Harvey’s Natural Philosophy. Cambridge: Cambridge University Press,
1995, pp. 152-168.

Schioldann-Nielsen, Johan, and Kurt Sgrensen, eds. “Introduction.” In Thomas Bartholin, On
Diseases in the Bible: A Medical Miscellany 1672. Trans. James Willis (Acta Historica
Scientiarum Naturalium et Medicinalium 41) Copenhagen: Danish National Library of
Medicine, 1994, pp. 8-23.

MARTHA BALDWIN

See also Anatomy; Galenism; Medicine; Pharmacy

Basso, Sebastian (fl. 1560-1625)

A French physician and natural philosopher, noted for his opposition to Aristotle,
although educated by Jesuits, Basso was born in Lorraine and spent time in Rome and
Lausanne. After converting to Protestantism, he taught at the Huguenot academy at Die-
en-Dauphiné (1611-1625), composed at least one tragedy (De virginia—now lost), and
served as tutor to the Protestant nobleman Charles Tonard (1601-1670). In 1621 his
Philosophiae naturalis adversus Aristotelem, libri XII (Twelve Books of Natural
Philosophy Against Aristotle) appeared at Geneva.

Basso’s critique of Aristotle (384-322 B.C.E.) combines Epicurean and Stoic ideas.
The smallest particles of the conventional elements fire, air, earth, and water are atoms. A
definite number of atoms appeared at the Creation of the world. They are permanent
existents and cannot be further divided. But, unlike the classical atomists, Basso rejects
vacua. The space between atoms is filled by a universal fluid identified with the Stoic
pneuma and responsible for all physical change. God, in turn, directs the pneuma.
Although he continues to regard the earth as the center of the cosmos, Basso rejects
Avristotle’s distinction between the heavens and the earth. He abandons the spheres that
support the planets in Aristotle’s account for a fluid heaven filled with the element fire.
Unlike the Stoics, he does not regard the planets as capable of moving themselves but
offers a mechanical account of planetary motion. Each planet is supplied with
“innumerable windows” leading from the surface into a hollow interior. As different
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shutters open and close, the celestial fire rushes into the planet, propelling it in different
directions. His critique of Aristotle is frequently cited by later writers, including Isaac
Beeckman (1588-1637), René Descartes (1596-1650), and Marin Mersenne (1588-
1648).
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Bauhin, Gaspard (1560-1624) and Jean
(1541-1613)

The Bauhin brothers—the sons of a French physician and his French wife who had fled
religious persecution in the Lowlands to settle in Basel ca. 1540—represent two
generations of the Scientific Revolution. In their careers and contributions to botany in
particular, Jean and Gaspard Bauhin epitomize the effect of humanist educational
reforms, the impact of printing on science and medicine, and the international character
of scientific communication in early-modern Europe.

Jean Bauhin studied classical languages and medicine with his father and other Basel
humanists before making the grand tour of European medical schools. In the 1560s, he
studied, corresponded, and exchanged plants with, among others, Guillaume Rondelet
(1507-1566) in Montpellier, Leonhart Fuchs (1501-1566) in Tiibingen, Conrad Gessner
(1516-1565) in Zurich, and Ulisse Aldrovandi (1522-1605) in Italy. In Count Frederick
of Wirttemburg, Jean Bauhin found a patron who encouraged his investigations of
botany, horticulture, balneology, and entomology.

Like others in his generation, Jean Bauhin directed his efforts to purging dangerous
errors from the classical botanical texts and producing large illustrated herbals. He was
one of the anonymous coauthors (with Jacques Daléchamps [1513-1588] of Lyon) of the
huge, error-filled (but afterward corrected by Gaspard Bauhin) herbal known as Historia
generalis plantarum (1586-1587). His little book De plantis a divis sanctisve nomen
habentibus (1591) reflects both his Protestant and his humanist beliefs in its attack on the
use of the names of saints for plants. Bauhin’s Historia plantarum universalis (1650-
1651), which described more than four thousand plants, including many new species, was
not published until long after his death.
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Gaspard Bauhin’s interests in botany and anatomy were stirred by his family’s
example and the rich heritage of Basel medical and scientific publishing. His own tour of
Italy and France (1577-1581) established lasting ties with botanists throughout Europe,
who sent him plants they had received from the New World and Asia. At the University
of Basel, Bauhin was appointed the first professor of anatomy and botany; under Bauhin
and Felix Platter, the Basel medical school attracted students from all parts of Europe.

At the age of nineteen, during a private dissection, Gaspard Bauhin deduced and then
demonstrated the existence of the ileo-caecal valve (Valvula Bauhini). Andreas Vesalius
(1514-1564) served as the model for his teaching and textbooks. Bauhin shows respect
for Galen (second century C.E.) but notes that Galen never dissected a human body. The
authority of Bauhin’s Theatrum anatomicum (1605) is suggested by William Harvey’s
(1578-1657) many citations.

Gaspard Bauhin’s seven botanical books include revisions of three widely used
sixteenth-century herbals and four original works. He also projected an illustrated
encyclopedia of plants, but only one volume was ever published. In Prodomos theatri
botanici (1620), he set a model for clear, comprehensive descriptions of previously
undescribed plants. In Pinax theatri botanici (1623), he sorted out the enormous array of
synonyms of plant names that had grown up over the centuries—and gave Carl Linnaeus
(or von Linné, 1707-1778) a firm basis for nomenclatural reform in 1753. (Pinax remains
the most reliable guide to establishing the identities of plants named in Renaissance
herbals.) In their striking omission of the medical uses of plants, Prodomos and Pinax
represent the culmination of the sixteenth century’s steadily increasing interest in the
scientific study of plants for their own sake.

BIBLIOGRAPHY

Hasler, F., and M-L.Portmann. “Joannes Bauhin d. (1541-1613).” Gesnerus 20 (1963), 1-21.

Hess, Johann Wahrmund. Kaspar Bauhins, des ersten Professors der Anatomie und Botanik an der
Universitat Basel, Leben und Charakter. Separatdruck, Beitrége fiir Vaterlandische Geschichte
VII (Basel: Schweighauser, 1860).

Reeds, Karen Meier. Botany in Medieval and Renaissance Universities, New York: Garland, 1991.

KAREN MEIER REEDS

See also Botany; Galenism; Harvey, William; Vesalius, Andreas

Becher, Johann Joachim (1635-1682)

In common with a number of German writers after the Thirty Years War, Becher
believed that the pursuit of natural knowledge, particularly through the work of alchemy
and chemistry, was a key part of the religious and material reform of the world. Son of a
Lutheran pastor, Becher received very little formal education, leaving
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Becher’s illustrations of the vessels
and tools required for a well-equipped
portable laboratory, from his Tripus
hermeticus (1689).

his native Speyer after his father’s death to wander the Continent. He somehow acquired
mechanical and chemical expertise and attracted the attention of the elector of Mainz in
1660 with his proposal for a perpetual-motion machine. He became Court physician and
mathematician in Mainz and, after minimal training, received a doctorate of medicine
from the university, giving an inaugural lecture on the reality of the Philosopher’s Stone.
In 1664 the elector of Bavaria called him to Munich, and in 1670 Becher moved on to
Vienna, where he remained as commercial adviser until 1676, when, falling from favor at
Court, he attempted to find patrons in Holland and England, where he spent his last years.

His numerous books ranged from works on universal language to moral philosophy,
but those with chemical and economic themes predominated. His theoretical writings in
chemistry posited three earths, one of which, the terra pinguis, was taken up in the
eighteenth century by Georg Ernst Stahl (1660-1734) as the basis for the phlogiston
theory and formed a framework for chemical thinking before Antoine-Laurent
Lavoisier’s (1743-1794) discovery of oxygen (1770s).

More important during his lifetime, however, was Becher’s promotion of practice and
experience as the basis of natural knowledge. It was through the practical orientation of
numerous individuals like Becher that the New Epistemology of experiment and
experience came to be accepted as the method by which all natural knowledge should be
pursued. Significant among Becher’s practical activities were his commercial projects
(some involving chemical processes such as dyemaking and saltpeter production)
designed to bring in revenue to the impoverished German princely territories. Both his
natural philosophy and his commercial schemes were part of the same effort to reform
knowledge, informed by the humanist emphasis on praxis and the work of Paracelsus (ca.
1491-1544). Paracelsus’s idea that knowledge was not to be gained by the study of
books, but instead through the active experience and observation of the “Book of
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Nature,” formed a model for figures like Becher, who claimed authority in the natural
realm through mechanical and practical capabilities rather than through their university
training. The New Philosophy thus constituted an opportunity for Becher, who previously
would have remained marginal to established intellectual networks.

Paracelsus’s view that alchemy represented in microcosm the redemption of the world
and humankind was taken up by Becher and others, although in a transmuted form that
emphasized the material rather than religious potential of the new science. This was a
message attractive to the potentates of Europe in need of new sources of revenue and
established an early relationship between science and the central state. In numerous
books and practical proposals made to the electors of Mainz and Bavaria and to Emperor
Leopold I, Becher linked the productive possibilities of natural knowledge (especially
alchemy and its multiplication of wealth) to the workings of commerce to make his
commercial projects more palatable to his noble patrons.
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Beeckman, Isaac (1588-1637)

A natural philosopher who developed one of the first mechanical philosophies of the
seventeenth century. With his new approach to nature he exercised considerable influence
on some of his contemporaries, especially René Descartes (1596-1650). But, whereas
Descartes made every effort to be known as the philosopher whose ideas would replace
the Aristotelian system, Beeckman’s natural shyness and irresolution prevented him from
publishing his ideas. If it had not been for Cornelis de Waard, who in 1905 discovered
Beeckman’s supposedly lost scientific diary and subsequently published it, Beeckman
would have remained a shadowy figure in the background of the Scientific Revolution.
Beeckman studied theology and mathematics in Leiden, where the Ramist philosopher
Rudolf Snellius was his main tutor. Unable to find a living as a minister because of the
ultraorthodox views of his father, Beeckman settled as a candlemaker (his father’s trade)
in Zierikzee. In 1616, however, he handed over his shop to his assistant and started to
study medicine, meanwhile helping his father in the construction of water conduits for
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breweries. Beeckman became doctor of medicine at the University of Caen in 1618. After
his return to the Netherlands, Beeckman met Descartes, then a young French officer in
the Dutch army. In November and December 1618, they discussed several topics in
mathematics and mechanics. The next year, Beeckman became a teacher in the grammar
school in Utrecht, but in 1620 he moved to Rotterdam. There he became assistant to his
brother Jacob, who was the principal of the local grammar school. Although he liked the
practical atmosphere of Rotterdam, problems within the Dutch Reformed Church forced
him in 1627 to move to nearby Dordrecht, where he became principal of the grammar
school. In Dordrecht Beeckman became a well-respected intellectual, who also
established several international contacts, among them Marin Mersenne (1588-1648) and
Pierre Gassendi (1592-1655). The relationship with Descartes, however, cooled in 1631
after Descartes had gotten the unfounded impression that Beeckman was boasting of
being Descartes’s teacher. In his last years, Beeckman spent much time learning the art of
lens grinding.

From his days as a schoolboy, Beeckman kept a diary, his Journaal. This
miscellaneous collection of notes contains remarks pertaining to his personal life, the
weather, and the milieu in which he lived, but also to medicine, logic, music, physics, and
mathematics. From this Journaal, it is clear that, already in Zierikzee, Beeckman had
developed a mechanistic philosophy of nature, in which atomism, a modern principle of
inertia, and a drive for a mathematical formulation of natural philosophy are the main
ingredients.

Although Beeckman called his philosophy “philosophia physico-mathematica,” the
mathematical part of his thought is not strongly developed. It was his physical intuition
that proved to be his main asset. He started from the assumption that no explanation in
physics was acceptable that did not allow for a picturable model; therefore, in mechanics
he rejected the concept of impetus and opted for the idea that motion that is not
interrupted or deflected will always continue in the state it is in, which is an important
step toward the modern concept of inertia. He also rejected the Aristotelian matter theory
and opted for atomism, though he was aware of the problems involved in the concept of
perfectly hard atoms that nevertheless are able to bounce back after collision.

Starting from these ideas, Beeckman was able to give a mechanistic explanation of
many physical problems. The tides, the propagation of sound, the problem of the
consonance and the movements of the planets were all reduced to the behavior of matter
in motion. Problems in hydrostatics Beeckman explained with the concept of air pressure,
a force exercised by particles of air, themselves struck by particles of ether streaming in
from the heavens. Magnetism was explained by recourse to a model of particles
streaming through and around the magnet. Differences in the properties of substances
with the same chemical composition were explained by different arrangements of the
individual particles (a precursor of the concept of isomerism). The law of free fall was
formulated by the combined effort of Descartes and Beeckman, the latter providing the
physical explanation—a falling body retains its motion but acquires new motion each
time it is hit by an ether particle, resulting in the phenomenon of acceleration—while
Descartes brought his mathematical skills to the solution of the problem.

Although very little of Beeckman’s natural philosophy was published during his
lifetime, many of his ideas were discussed with Mersenne, Gassendi, and Descartes, and,
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through their work, at least some of them found their way to the larger scientific
community.
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Beguin, Jean (ca. 1550-ca. 1620)

French chemist and author of Tyrocinium chymicum (1610), one of the most popular
chemical textbooks of the seventeenth century. Born in Lorraine, Beguin traveled in
central Europe, where he visited the mines of Hungary and Slovenia. With the support of
Jean Ribit (ca. 1571-1605) and of Theodore Turquet de Mayerne (1573-1655), he set up
a laboratory in Paris and gave public lectures, teaching the preparation of new chemical
remedies. His Tyrocinium, which depended on Andreas Libavius’s (1540-1616)
Alchemia (1597), was practical in nature and was intended to explain the processes
carried out in the laboratory. For Beguin, chemistry was the art of separating and
recombining mixed bodies and of producing medicines. He adopted the Paracelsian
theory of the three chemical principles—salt, sulfur, and mercury, He defined mercury as
an acid, volatile, and penetrating liquor, bearing a principle of life; sulfur as a viscous and
oily substance and as the cause of odors in natural bodies; salt as a dry substance having
the power to prevent the corruption of bodies. For Beguin, all natural bodies contained a
quintessence, namely a celestial substance, or universal spirit.

Besides the preparation of numerous substances, Beguin described various chemical
operations, like calcination, precipitation, fermentation, extraction, coagulation, and
distillation. A moderate Paracelsian, Beguin advocated the use of metals and minerals in
the preparation of medicines, but he did not rule out traditional Galenic medicines.

The Tyrocinium went through forty-one editions between 1610 and 1690 and was
translated into many European languages. It became the pattern of subsequent French
chemical textbooks in the second half of the seventeenth century.
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Bellini, Lorenzo (1643-1704)

A physiologist with a successful career in Tuscany as a professor of medicine and
anatomy and personal physician to the duke, he saw the key to physiology in the laws of
mechanics. Under the patronage of the duke, he studied at the University of Pisa, where
he was greatly influenced by Giovanni Alfonso Borelli (1608-1679). At the age of
nineteen, he published his first work—on the anatomy and function of the kidneys; the
following year, was appointed professor of medicine at Pisa. Five years later, he was
awarded the chair of anatomy.

He challenged the Galenic account of kidney function as dependent on the operation
of a special “faculty” separating urine from blood in an organ composed of
undifferentiated tissue, by his discovery that the kidney was a complex structure of fibers,
spaces, and tubules, acting as a sieve, separating urine from blood and returning the latter
to the bloodstream. Influenced by the attempts of Borelli and Thomas Willis (1621-1675)
to explain physiological processes in mechanical terms, Bellini developed his
iatromechanical ideas in detail in works published in 1683 and 1695. In what has been
called a hydraulic iatromechanism, he held that health consists in proper circulation of the
blood, and illness in interference with it. His ideas were widely influential throughout
Europe until the mid-eighteenth century.
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Belon, Pierre (1517-1564)

A French naturalist who traveled widely and published his observations in several books
devoted to the natural history of birds and marine animals, as well as his impressions of
the Levant. Trained as an apothecary, Belon broadened his knowledge under the auspices
of powerful patrons who sent him to Wittenberg to study with the botanist Valerius
Cordus (1515-1544) and to the Levant as official botanist of a royal embassy to the
Ottoman Empire. His research into Levantine flora and fauna focused on the sources of
valuable drugs, and after returning to France he unsuccessfully solicited royal financing
for a botanical garden in which to cultivate exotic plants with pharmaceutical and other
useful properties.

Belon’s major publications appeared between 1551 and 1555, beginning with a
treatise on dolphins entitled L’histoire naturelle des estranges poissons (The Natural
History of Strange Fish, 1551). His natural histories combined contemporary descriptions
and illustrations of their subjects with an eclectic array of ancient and modern knowledge,
with special attention paid to the various

The skeletons of a man and bird
compared. From Pierre Belon,
Portraits d’oyseaux, animaux, serpens,
herbes, hommes et femmes d’Arabie &
Egypte (1557).
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names by which they had been previously identified. He emphasized the importance of
firsthand observation yet borrowed many illustrations from colleagues and drew liberally
upon contemporary publications in composing his own works. Although fantastical
creatures appear in some of his other books, Belon boasted in his masterpiece, L’histoire
de la nature des oyseaux (History of the Nature of Birds, 1555): “there is in this work no
description nor portrait of any bird which is not found in nature nor which has not been
before the eyes of the artist.” Among these illustrations is a famous juxtaposition of
human and avian skeletons, intended to demonstrate their “affinity.” His third major
work, Observations of Several Singularities and Memorable Things Found in... Foreign
Countries (1553), which was based on his tour of the Levant, served as a reference for
generations of Orientalists.
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Benedetti, Giovanni Battista (1530-1590)

A mathematician and physicist who was among the first to criticize Aristotle’s laws of
falling bodies and prepare the way for Galileo Galilei (1564-1642). He studied briefly
under Niccolo Tartaglia (1500-1557) and served as mathematician to the duke of Parma
from 1558 and then as mathematician to the Court of Savoy from 1567. His most
important works are his Resolutio of 1553, concerned with problems in Euclid’s
Elements; his Demonstratio of 1554, concerned with ratios of motions; and his
Speculationes of 1585, collected essays on mathematics and mechanics. Benedetti’s
Demonstratio was plagiarized by Jean Taisnier and published in 1562 under a different
title, which had a much larger circulation than the original. Through it, for example,
Benedetti’s ideas were transmitted to the Jesuits of the Collegio Romano.

Benedetti is best known for his buoyancy theory of fall in which he invoked
Archimedes to show that the absolute weight of a body is not what determines its speed
of fall but rather the weight of the body in the medium. On this account, bodies of the
same material but of different sizes will fall through a given medium at the same speed,
not at speeds proportional to their weights, as Aristotle (384-322 B.C.E.) held. Benedetti
also proposed a thought experiment in which one considers, first, a body joined by a line
to another body of equal size and falling in a vacuum, then a single body of double the
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size doing the same. Intuitively, he argued, one should be able to see that the smaller
bodies will fall at the same speed as the larger body whether they are connected or not.
He subscribed to a theory of impetus, attributing the increase of speed of a falling body to
increments of impetus built up in the body during its fall. And he correctly saw that a
body subjected to rapid circular motion would, when released, have an impetus that
directs it tangentially and in a straight line.

Galileo nowhere mentions Benedetti in his writings, but the many similarities in their
thought suggest that Galileo was acquainted with his work, most probably through
Jacopo Mazzoni, with whom Galileo studied in 1590.
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Berengario da Carpi, Giacomo (1460-1530)

The son of a surgeon, Berengario da Carpi was a teacher of practical medicine in early-
sixteenth-century Bologna. He believed himself to be in a tradition of Bolognese anatomy
that had begun two hundred years before with Mondino de’Luzzi (1275-1326), who had
been the first to systematically dissect the human body for teaching purposes.
Berengario’s main work was a commentary on Mondino’s short text.

There are three principal features of Berengario’s commentary. It is large: Berengario
drew on almost the whole of extant anatomical literature, including ancient texts not
known to Mondino, especially Galen’s (second century C.E.) On the Use of the Parts of
the Body. Second, his commentary had the elaborate structure that was perfected by
university teachers before the Black Death of 1348. In Berengario’s time, this structure
was beginning to be be called “scholastic” in a pejorative way by Hellenists who wanted
anatomy to be a business of presenting good translations of ancient Greek texts, but
Berengario and his colleagues in the schools were proud of being Scholastic, claiming
that only full academic rigor and dialectical presentation could deal with the complexities
of the structure of the body.

Third, Berengario clearly delimited the roles of sense and reason in anatomy. He
accepted that anatomical knowledge of a part was knowledge of its action as well as of its
structure but did not allow inferring structure from action (as in the case of very small
parts). He also held that words could not adequately describe some complex shapes (like
the vertebrae), and the illustrations he included to demonstrate such shapes make this the
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first pictorial anatomy text. He stressed the sensory nature of such anatomical knowledge
by calling it anatomia sensibilis.

The amount of technical information presented by anatomists like Berengario was
large (whether correct or not in our view) and much greater than could be used in the
medicine and limited surgery of the time. Anatomy and the public dissections also had
the social role of identifying the group of university physicians who practiced them and
of persuading educated people that a medicine based on an anatomical rationality was
best.
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Bernoulli, Jakob | (1654-1705)

Professor of mathematics at the University of Basel from 1687 until his death, he made
important contributions to the areas of mathematics (algebra, infinitesimal analysis,
probability theory) and mechanics. He studied the Leibnizian calculus soon after the
groundbreaking publications by Gottfried Wilhelm Leibniz (1684, 1686) and extended its
applications to a wide range of problems. The term integral was adopted by Leibniz
(1646-1716) after a suggestion by Bernoulli.

Of particular importance are his general method for the determinations of evolutes
(1692) and his work on the brachistochrone. The brachistochrone problem is that of
determining the curve described by a body moving under the influence of gravity
(ignoring friction and air resistance) that starts from rest at point A and reaches a point B
(lower than A and not directly under it) in the least time. The problem was proposed by
his brother Johann in 1696. Several solutions were presented, by, among others, Leibniz
and Jacob Bernoulli himself in 1697, which showed the brachistochrone to be a cycloid.
The importance of Bernoulli’s solution consists in being one of the first results in the area
of analysis known as calculus of variations.

To the same branch of mathematics belongs a problem proposed and solved by
Bernoulli known as the isoperimetric problem. For example, given a segment with
endpoints A and B and a class of curves of given length d passing through A and B, the
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problem consists of singling out from this class the curve for which the area contained
between the segment AB and the curve is largest. It is in this context that Jakob and
Johann fiercely opposed each other in one of the most vitriolic scientific debates of the
century.

Other results by Bernoulli in the area of infinitesimal analysis include his work on the
catenary (a curve made by a hanging chain suspended from its endpoints), the isochrone
(a class of curves in which a moving point generates equal segments in equal times), the
lemniscate (a curve resembling the figure eight), and the tractrix (the characteristic of a
curve tangent to a straight line). He also determined in 1694 the differential equation for
the radius of curvature of a curve. In a series of five mémoires published between 1682
and 1705, Bernoulli also investigated the theory of infinite series. Although many of the
results could be found previously in the literature, the mémoires provide a comprehensive
account of results in this area. One of Bernoulli’s most important works is Ars
conjectandi (The Art of Conjecturing, 1713), which was published after his death. It can
be considered the first book in probability theory. It is divided into five parts. The first
part contains a commentary to a previous introduction to the subject by Christiaan
Huygens (1629-1695). The second part offers a survey of the theory of permutations and
combinations. The rest of the book is devoted to applications in probability theory. The
fourth part is of great philosophical and mathematical interest. Bernoulli offers the first
explicit “subjective” conception of probability, defining it as “degree of certainty.”
Moreover, he proves the celebrated “weak law of large numbers.” Let p be the (unknown)
probability of an event, and m/n is the proportion of (observed) positive outcomes in n
trials. Then for any e>0, the probability of |p-m/n|<e increases to 1 as n grows to
infinity—or, the larger the number of trials (as in throws of dice, for example), the greater
the probability that all faces will come up an equal number of times. This is the first limit
theorem ever proved in probability theory.
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Bernoulli, Johann I (1667-1748)

Professor of mathematics at the University of Groningen from 1695, and then at the
University of Basel from 1705 as a successor to his brother Jakob (1654-1705). His main
contributions are in the areas of infinitesimal calculus and mechanics. After the
publication of Gottfried Wilhelm Leibniz’s (1646-1716) mémoires on the calculus,
Bernoulli familiarized himself with the new infinitesimal techniques under the guidance
of his older brother Jakob. His first outstanding contribution to the calculus was the
determination in 1691 of the solution to the problem of the catenary, the shape of the
curve formed by a chain hanging between two points. Bernoulli was able to show that the
curve “depended on the quadrature of the hyperbola.” Other contributions to the calculus
include the determination of the radius of curvature of a curve (also discovered by
Jakob), the study of the integration of differential equations, and the development of the
exponential calculus, which extends Leibniz’s differential calculus to curves of the form
Z=yX.

In 1696 he challenged the mathematical community by asking for the shape of the
brachistochrone (from the Greek “quickest time”), the path described by a freely falling
body to a point not directly under the position from which it commenced its fall. Several
solutions were proposed, including one by Johann himself, who showed that the curve
must be a cycloid by appealing to the law of refraction in optics. The solution by his
brother Jakob is at the origin of the calculus of variations. As a counterchallenge, Jakob
proposed the isoperimetric problem: to find the curve of a given length passing between
two endpoints AB, which encloses the largest area between it and the segment AB, for
example. This was solved by Johann in a defective manner and set the stage for a discord
between the two brothers that grew worse with the passing of time. Johann, however,
played an extremely important role in the spread of the infinitesimal calculus on the
Continent. Bernoulli’s teachings enabled a group of French mathematicians centered
around Nicolas Malebranche (1638-1715), including Pierre Varignon (1654-1722) and
the marquis de L’Hopital (1661-1704), to master the new infinitesimalist techniques.
During his stay in Paris in the winter of 1691-1692, Bernoulli gave lectures to L’Hopital
on the differential and integral calculus. These lectures were instrumental in enabling
L’Hopital to write the first textbook in the calculus, Analyse des infiniment petits pour
I’intelligence des lignes courbes (1696). Bernoulli’s extensive correspondence with
Leibniz and Varignon is an essential source for the history of the calculus during this
period. He also played a role in the priority debate between Leibniz and Isaac Newton
(1642-1727) concerning the discovery of the calculus. In 1713 Bernoulli sided with
Leibniz and attacked Newton’s understanding of higher-order differentials, which he
deemed erroneous.

His work in the field of mechanics is notable, among other things, for the first
analytical expression of the principle of virtual velocities and for the analytical solution
to the inverse two-body problem for central forces. In physics, he was a staunch defender
of the Cartesian vortex theory. He also contributed to experimental physics and
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hydraulics. In 1714 he published a book on navigational theory entitled Théorie de la
manoeuvre des vaisseaux.
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Biblical Chronology

The dating of the precise years in which biblical events occurred was of central
importance to intellectuals in the early-modern period, not least because there was a
pressing need to reform the Church year, which was becoming out of phase with the
Julian calendar. Although the Old Testament was the most ancient and authentic source
for ancient history, historians had to reconcile this with pagan histories that often told of
the same events, while new astronomical techniques promised to aid them in pinpointing
specific historical dates more precisely.

The most important chronology of the sixteenth century was Joseph Scaliger’s Opus
novum de emendatione temporum (A New Work on the Reform of Chronology, 1583),
published a year after Pope Gregory VIII had initiated the new Gregorian calendar.
Scaliger (1540-1609) made use of both philological evidence and the latest astronomical
data, such as that from Nicolaus Copernicus’s (1473-1543) heliocentric De
revolutionibus orbium coelestium (On the Revolutions of the Celestial Spheres, 1543) in
order to date on the calendar eclipses mentioned in ancient pagan treatises. Although
these techniques had been used before, Scaliger’s work systematized the different strands
of evidence in an unprecedented manner. In composing a work that he hoped would aid
calendrical reform, he emphasized and reintroduced the so-called Julian period of 7,980
years (the product found by multiplying the number of years in a Metonic cycle—19; the
lowest number of solar years equal to a multiple of lunar months, namely 235—by those
in a solar cycle (28); the periodicity of recurrence of a particular day of the month
coinciding with a particular day of the week (this product gives 532, probably the most
influential period in early modern chronology); and also by the number of years in the
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Roman Indiction cycle—15; a period that was used to denote a particular year in the
Julian ecclesiastical calendar and that originally derived from the announcement of
obligatory donation of food to the Roman government—which was to be influential for
chronologers in the following century.

The most authoritative chronologist in the seventeenth century was the archbishop of
Armagh, James Ussher (1581-1656). He began a lifelong study in the history of the
reigns of Old Testament figures. In his two-part Annals of the Old Testament, published
in 1650 and 1654, Ussher adopted Scaliger’s notion of the Julian period and redated
Creation to Sunday, October 23, 4004 B.C.E., fifty-four years earlier than Scaliger had
placed it. In fact, he was even more precise and claimed that the creation of the chaotic
matter from which God effected the Creation proper had taken place at ca. 6 P.M. on the
previous evening. He was able to connect Old Testament to nonscriptural sources, the
most significant of these being the accession of the reign of Nabonassar in Babylon to
February 26, 747 B.C.E., which was linked to the reigns of the biblical figure
Nebuchadnezzar and the Persian ruler Cyrus the Great. From here, one could work
backward to the Creation, using the numbers for the length of reigns of kings found in the
Hebrew text of the Old Testament. This gave a shorter period for the length of the reigns
of the patriarchs than did the Greek Septuagint, which he considered a forgery.

Ussher’s figure for the Creation had the advantage of being sufficiently close to
periodizations, such as that in the Talmud, that attached great importance to events that
happened in dates with significant round numbers. He put the completion of Solomon’s
Temple at three thousand years after the Creation and the appearance of the Messiah a
thousand years after that, but since scholars accepted—from independent evidence—that
Herod had died in 4 B.C.E., and he was known to have been alive when Christ was born,
Christ’s birthdate had to be put back to just before that period. Adding this to the
convenient figure of 4,000 gave the date of Creation. Ussher’s dates became authoritative
and were inserted into the King James Bible from the beginning of the eighteenth
century.

Perhaps the most stunning use of astronomical techniques for the reordering and
dating of Old Testament events was to be found in the research of Isaac Newton (1642-
1727), whose Chronology of Ancient Kingdoms Amended was published posthumously in
1728. By adopting the euhemerist technique of supposing that pagan myths referred to
real people, and then showing how many characters in these various mythical traditions
were actually the same person, Newton cut down the length of various pagan histories
such as that of the Greeks. By also assuming the radical notion that the average length of
reign of kings in history was between eighteen and twenty years, he redated the
Argonautic expedition to 936 B.C.E., thereby lopping at least four hundred years off the
standard histories. All of this reinforced the notion that the Old Testament contained the
oldest and most authentic historical records extant, and Newton ended up with a
relatively orthodox date for Creation of 3988 B.C.E. (some five years later than that
published by Johannes Kepler [1571-1630] in his Rudolphine Tables of 1627). Newton
was less precise in his dating than was one of his favorite authors, the Jesuit Denis Petau
(1583-1652), who in his De doctrina temporum (On the Principles of Chronology, 1627),
set the time of Creation at nine hours, five minutes, and forty-two seconds into October
27, 3983 B.C.E. The fierce debates that followed the publication of his work continued
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into the nineteenth century, although they were superseded by new evidence coming from
the sciences of geology and natural history that gave a much greater age for the earth.
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Biblical Interpretation

During the sixteenth and seventeenth centuries, the Bible was almost universally believed
to be the word of God, a major source of truth not only about theology but about virtually
any subject. Because the Scientific Revolution coincided with the Protestant and Catholic
Reformations, the number of books on theology and interpretation grew to staggering
proportions during this period, although most of these volumes had little to do with
natural philosophy. That subset that bore on the knowledge of nature employed a wide
range of hermeneutic strategies based on different models of the relation of the book of
Scripture to the book of nature. Three major approaches revolving around different
problems in natural philosophy are: the Copernican problem, the chemical philosophy,
and the hexaemeral (six days of Creation) tradition.

The Copernican theory of the solar system immediately raised interpretative questions
among learned men in Europe because the Bible clearly stated that the earth cannot move
(Psalm 93:1) and that the Sun, instead, is in motion (Ecclesiastes [Qoheleth] 1:4-5). One
of the most widely debated texts was the story of Joshua commanding the Sun to stand
still so the Israelites could engage in battle against their enemies (Joshua 10:12-13). To
the opponents of Nicolaus Copernicus (1473-1543), this text implied the immobility of
the earth and the motion of the Sun. The Copernicans contended that all of these biblical
texts employed phenomenal (or accommodated) language so that the Bible spoke
according to what everyday experience indicates rather than according to the actual truth
of nature. It is important to understand what all of these disputants had in common. None
of them simply dismissed the Bible as irrelevant because they all believed it to be
authoritative in some sense. They also faced the problem of how to interpret Copernicus’s
heliocentric claim. An ancient tradition held that the task of the astronomer was simply to
predict the positions and movements of the planets, employing whatever mathematical
devices fit the phenomena. On this account, there was no requirement that astronomy
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seek the truth about celestial motions. Predictive success was enough. On the other hand,
natural philosophy aimed at the truth about the heavens by postulating causal
mechanisms that carried the planets. Mathematical astronomy and physical philosophy
(cosmology) were separate disciplines and issues. One of Copernicus’s major innovations
was to claim that his mathematical system represented, in fact, the true system of the
universe, but this did not keep his readers from interpreting his work as an attempt only
to predict the celestial motions.

So long as Copernicus’s readers understood his work simply as prediction
(instrumentalism), no conflict with the Bible resulted, since the moving earth in his
system was not understood physically but only as a necessary postulate to save the
phenomena. Those who read his work as representing truth about the universe (realism)
found themselves embroiled in controversy over how to reconcile this new theory with
the biblical texts mentioned above. The differences in interpretative strategies surfaced as
soon as Georg Joachim Rheticus (1514-1574) returned from his sojourn with Copernicus.
The leading educational figure at Wittenberg, Philip Melanchthon (1497-1560), opposed
the motion of the earth by appealing to traditional physics and biblical texts. At that time
(1540s), no adequate substitute for Aristotle’s (384-322 B.C.E.) earth-centered physical
theory was available, a situation that was remedied only in the seventeenth century by
Galileo’s work. For that reason, Melanchthon did not believe he had any reason to depart
from the physical meaning of these texts. Rheticus defended the new theory against
theological objections by appealing to Saint Augustine’s (354-430) authority in
distinguishing questions of natural philosophy from theology. In a treatise that was
rediscovered only in the 1970s, Rheticus explained how the Holy Spirit did not intend to
teach a theory of the heavens and, therefore, employed the language of sight rather than a
theoretical vocabulary such as astronomy used. The most famous Protestant Copernican,
Johannes Kepler (1571-1630), used the same type of approach in the introduction to his
groundbreaking Astronomia nova (New Astronomy, 1609), in which he argued that
nature and the Bible are distinct but complementary sources of knowledge. Among
Catholic Copernicans—includ-ing Galileo Galilei (1564-1642), Tommaso Campanella
(1568-1639), and Paolo Foscarini (ca. 1565-1616)—one finds a similar distinction
between scientific and theological questions based on different views of the Bible and the
Church Fathers. Both Protestants and Catholics acknowledged the inviolable truth of
Scripture, but Catholics stressed the Church as the supreme interpreter of the Scriptures.
Since the Council of Trent (1545-1563) had required that the unanimous consent of the
Church Fathers was binding in determining a doctrinal matter, Catholic Copernicans were
also obliged to argue that no consensus could be found in the Fathers on the matter of
terrestrial motion. Therefore, they did not consider the Copernican issue a matter of faith
(de fide).

The chemical philosophy represented another distinct use of the Bible in connection
with nature. For the followers of Paracelsus (ca. 1491-1541), the truth expressed in the
Bible can be found in nature in the chemical processes of Creation; nature was but
another expression of the divine word. Alchemy in the hands of the Paracelsians became
a basis of medical practice and a natural philosophy that they hoped would supplant the
philosophies of the ancients and those of moderns based on mathematics. Although the
hermetic and alchemical traditions did not survive their era with the success of the
Copernican theory, they were important for their attempt to found a new science based on
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the interpretation of Genesis. The alchemists believed that the Creation narratives of
Genesis gave divine sanction to their work because Creation itself was a result of
chemical separation, the secrets of which the alchemical art would reveal. Thus, these
Paracelsians found the three principles (Salt, Sulfur, Mercury) of alchemy in the Bible,
and, conversely, they found specific Christian doctrines (e.g., the Trinity) in nature.
Nature and the Bible were thought to be mirrors of each another through
correspondences. Similarly, they also expected to discover the causes of disease in
humans by unlocking the secrets of the universe as a whole because of the
correspondences between the macrocosm and the microcosm. These correspondences
were predicated on the notion of the Judeo-Christian tradition that human beings
represented the crown of Creation and were the goal of all the universe. The chemical
philosophy also cut across denominational lines, but it did so only by a transformation of
the doctrinal content of the original groups. The Catholic Paracelsus, the Lutheran
Valentin Weigel (1533-1588), and the Calvinist Oswald Croll (1560-1609) were united
by their common natural philosophy to such an extent that their original theological
differences paled into insignificance. It is doubtful that orthodox Catholics, Lutherans,
and Calvinists would have found much sympathy with the biblical interpretations of the
chemical philosophers.

Unlike the first two approaches, the hexaemeral tradition of commentary on Genesis
was rooted in ancient Christianity and flourished in the Renaissance apart from specific
movements in natural philosophy. However, since Chapters 1-2 of Genesis touch on
natural phenomena in an obvious way, this hermeneutical tradition often interacted with
contemporaneous philosophy in multifaceted ways. The considerable diversity among
interpreters on the relation between Genesis and natural philosophy cannot hide a
common belief that the Bible contains the seeds of natural-philosophical truth. For almost
all exegetes, Genesis was the fountain from which a right knowledge of nature flowed,
but how that belief worked itself out in the actual interpretation of the text appeared in
very different ways. The degree to which Genesis was taken as an authority on natural
philosophy by the commentators varied widely. The Catholics Marin Mersenne (1588-
1648) and Benito Pereyra (1535-1610), as well as the Protestant convert Jerome
Zanchius (1516-1590), gave considerable treatment to questions of natural philosophy
that were suggested by the text. Many of these commentators based their views on
Avristotelian science, probably because they possessed a high degree of natural
knowledge. Mersenne is a striking exception to this pattern of Aristotelian interpretation.
Most of these interpretations attempted to expound the literal sense (sensus literalis),
understood as giving a historical description of the events of the six days of Creation.
They also drew on the medieval notion of the scale of being, which they found correlated
well with the creative acts of the six days. They all affirmed the centrality of humans in
the universe and seemed constrained to relate the rest of Creation to them. The
recognition of the presence of accommodating language in the Bible, so frequently
appealed to in the Copernican debates, is found abundantly in the hexaemeral
commentaries. When Genesis 1:16 spoke of the two great lights in the heavens (Sun,
Moon), the commentators asked how the Moon could be called a great light when it is
known that Saturn is bigger than the Moon. Their answer usually appealed to the
appearance of the Moon being greater because of its proximity to the earth. They clearly
distinguished between the appearances spoken of in the Bible and the celestial reality
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itself. This aspect of the hexaemeral tradition, reaching back into ancient and medieval
commentaries, also provided the Copernicans with a ready-made argument for their claim
that the Bible did not intend to teach astronomical truth.
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Biringuccio, Vannoccio (1480-ca. 1540)

The son of an architect in Siena, he traveled extensively in Italy and Germany during his
early years, observing mining and metallurgical operations and thus laying the
foundations of his work, Pirotechnia. After returning to Siena, he was appointed to run
an iron mine and forge at Boccheggiano, and in 1513 he was appointed to a post with the
Sienese armory. When a popular uprising forced his patrons, the Petrucci family, from
Siena, Biringuccio was exiled on a charge of having debased the coinage. He returned to
Siena with the Petruccis in 1523 and was granted a monopoly on saltpeter production but
was again exiled when the Petruccis were expelled forever in 1526. After serving Alfonso
| d’Este, duke of Ferrara, in 1531, he returned to Siena and worked for the Republic as an
architect and director of building construction of the Duomo, the cathedral of Florence.
He later moved to Rome (where he lived the rest of his life) and became head of the papal
foundry and director of munitions.

Biringuccio’s only work, the Pirotechnia, was published posthumously in 1540. The
first comprehensive treatise on the “fire arts” to be printed, the Pirotechnia covers
virtually the entire field of metallurgy as it was then known. The work includes chapters
on the various metallic ores, assaying, smelting, parting gold from silver, metallic alloys,
casting, building furnaces, wiredrawing, silversmithing, and the making of saltpeter and
gunpowder. Biringuccio was extremely skeptical of alchemy, deriding the art as “childish
folly.” His work evidences a remarkably experimental character, although he did not use
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experiment to test theory. In typical Renaissance fashion, he insisted that the vagaries of
fortune could be conquered by careful, methodical attention to details. In bringing the
crafts to the attention of natural philosophers, Biringuccio’s classic work played an
instrumental role in framing the background to the Scientific Revolution.

BIBLIOGRAPHY

Biringuccio, Vannoccio. Pirotechnia. Trans. Cyril Stanley Smith and Martha Teach Gnudi.
Cambridge, MA: MIT Press, 1966.

Rossi, Paolo. Philosophy, Technology, and the Arts in the Early Modern Era. Trans. S.Attanasio.
New York: Harper and Row, 1970.

Zilsel, Edgar. “The Sociological Roots of Science.” American Journal of Sociology 47 (1941-
1942), 544-562.

WILLIAM EAMON
See also Books of Secrets; Mining and Metallurgy.

Blaeu, Willem Janszoon (1571-1638)

Born into a prosperous Amsterdam Anabaptist family, Blaeu was trained to be a herring
merchant, but he was more interested in scientific matters, particularly astronomy. In
1595 he left for Denmark to study the stars with Tycho Brahe (1546-1601) and stayed for
a whole winter. After his return in May or June of 1596, he published, in cooperation
with Adriaan Anthoniszoon, a celestial globe, on which Tycho Brahe’s observations are
included. In 1598 or 1599, he started a shop in Amsterdam for the manufacturing of
globes and navigational instruments, later also publishing maps, charts, and navigational
books. His first printed map sheet (Map of the Nether-
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A copy, ca. 1645, of a terrestrial globe
made by Blaeu in 1617. Courtesy
Amsterdams Historisch Museum, The
Netherlands.

lands) dates from 1604. Analysis of Blaeu’s earliest works shows that he began his
activities as a scholar, producing a number of globes himself. After he found himself in
the world of navigational and cartographic publishers, he continued in this field.

He specialized in maritime cartography and published the first edition of the pilot
guide Het licht der zeevaert (The Light of Navigation) in 1608; he was appointed
hydrographer of the United [Dutch] East India Company in 1633. After thirty years of
publishing books, wall maps, globes, charts, and pilot guides, he brought out his first
atlas, Atlantis appendix (1630). This was the beginning of the great tradition of atlas
making by the Blaeus, which reached its apex under his son and successor Joan Blaeu
(1596-1673) with the publication of the Atlas maior in 1662.

The family name Blaeu was not used until 1621. About 1621 Willem Janszoon
decided to put an end to the confusion of his name with that of his competitor and
neighbor, Jan Janszoon, and assumed his grandfather’s sobriquet, “blauwe Willem” (blue
Willem), as the family name, calling himself Willem Janszoon Blaeu.
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Boerhaave, Hermann (1668-1738)

This Communis Europae Praeceptor (Teacher of all Europe) at the University of Leiden
is known as the most famous physician of the eighteenth century. He was a gifted
teacher, whose lectures were copied by his students and, indeed, all over Europe.
Boerhaave tried to eliminate all irrational elements from medical theories and to present a
system that was based upon rational mechanical principles as postulated in the physics of
Isaac Newton (1642-1727). Medicine was to become a logical discipline without reliance
on allegories and mysticism. It could serve as the starting point for the development of
modern physiology and pathology. Moreover, Boerhaave drew the attention of his
students to Hippocrates (460-370 B.C.E.). He praised the Greek father of medicine for
drawing his attention to the individual patient and his direct environment. Boerhaave
emphasized the importance of this attitude in the first of his academic lectures when he
was nominated as a reader in medicine at the University of Leiden in 1701.

Boerhaave was born in a small village behind the dunes of Holland, where his father
was a minister. He was sent to the grammar school in Leiden when he was fourteen years
old, and in 1684 he was enrolled in the university as a student of theology and
philosophy. In 1690 he graduated in philosophy, but his study of theology was
interrupted by his growing interest in medicine. In 1693 he graduated in medicine at the
University of Harderwijk. His intention to follow a career as the healer of both spirit and
body was struck down when he wa