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Numerical tables are important objects of study in a vange of fields, yet they
have been largely ignored by historians of science. This paper contrasts and
compares ways in which numerical tables were used by Galileo and
Mersenne, especially in the Dialogo and Harmonie Universelle. I argue
that Galileo and Mersenne used tables in vadically different ways, though
rarely to present experimental data. Galileo relied on tables in his work on
ervor theory in day three of the Dialogo and also used them in a very differ-
ent setting in the last day of the Discorsi. In Mersenne's case they represent
an important but so far unrvecognized feature of his notion of universal har-
mony. 1 conclude by presenting a classification of different ways in which ta-
bles were used within the well-defined disciplinary and temporal boundaries
of my research. In doing so, however, I provide a wuseful tool for extending
similar investigations to broader domains.

1. The varied role of tables

The topic of this workshop, “Galileo in Paris,” provides an ideal opportu-
nity for exploring a number of themes linked to the occurrence and role of
numerical tables. As pointed out in a classic essay by Thomas Kuhn, nu-
merical tables are an important if understudied feature of many works in
the history of science. Of course, it would be inappropriate here to at-
tempt even an outline of the history of a visual tool spanning over half a
millennium. Tables in various forms probably predate the Gutenberg Bi-
ble, since almanacs, calendars, and prognostications were printed in all
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likelihood in ephemeral publications before the 1450s. Tables come in
many different forms and serve a variety of purposes in many disciplines,
from accounting to optics and from the world of insurance to astronomy.
My purposes here are largely to do with the mathematical disciplines and
especially hydrostatics, astronomy, the science of motion and immediately
related fields. I have identified several types of tables, ranging from those
used as a computer giving in convenient form the results of tedious com-
putations, to those providing the result of extensive experimental pro-
grams.!

The following section deals with hydrostatics and shows the care and
skill Galileo devoted in specific instances to handling experimental and
numerical data. In connection with Galileo and, as it turns out, Mersenne,
I examine the work by the mathematician Marino Ghetaldi, who pub-
lished celebrated tables of the weights of unit samples of several sub-
stances. Section (3) deals with Galileo’s usage of numerical tables in his
refutation of Scipione Chiaramonti’s analysis of observational data of the
1572 nova. Galileo’s usage of numerical tables in astronomy was linked to
a rather sophisticated attempt to use error theory in order to draw plausi-
ble conclusions from a conflicting set of data. Section (4) focuses on Gali-
leo’s presentation of his science of motion in the Dialogo and Discorsi, and
Mersenne’s reactions to it. Especially in Harmonie Universelle, Mersenne re-
lied extensively on numerical tables both to examine Galileo’s claims and
to present his own views. Lastly, I present some tentative conclusions on
the different roles and purposes of numerical tables and a conceptual
classification of the tables encountered in this work. I hope that scholars
will find it a useful starting point for further research.

2. In the wake of Archimedes’ crown problem
The first theme I investigate is the determination of the weights of equal
volumes of different bodies. We tend almost automatically to talk of spe-
cific weight or, to follow medieval terminology, gravitas in specie. Several
mathematicians such as Galileo and Ghetaldi rigorously adopting the
somewhat restrictive theory of proportions, however, had reservations in
talking about a ratio between two inhomogeneous magnitudes, such as
weight and volume, and preferred to avoid the medieval notion alto-
gether.?

Galileo devoted one of his earliest works to the crown problem, his

1. T. Kuhn (1977c¢); see also Kuhn (1977b) and Dear (1991). Relevant discussions are
also in Dear (1988) and (1995). A related area is the history of graphs, for which see T. L.
Hankins (1990) and Campbell-Kelly (2003).

2. Napolitani (1988).
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1586 La Bilancetta, where he tried to find a more plausible method for
solving Archimedes’ crown problem than that provided by Vitruvius. Ga-
lileo claimed that measuring the water that overflowed from the container,
as claimed by Vitruvius, was a rather crude method, or “alla grossa.”
Rather, he argued that a much more precise measurement of the ratio of
silver to gold could be attained by means of a hydrostatic balance and Ar-
chimedes’ propositions on buoyancy. The hydrostatic balance relies on the
difference in a body’s weight in air and in water. From this difference,
compared to those for bodies made of pure gold and pure silver, one ob-
tains the desired ratio of silver to gold in the crown. In order to increase
the precision of his measurements, Galileo coiled a thin wire around one
arm of the balance. Counting the number of coils allowed a very accurate
measure of the distance where the counterweight ought to be hung. Since
the coils were too small to be easily counted, Galileo suggested using the
sound produced by a pointed probe slowly sliding against them. Therefore
sound was used to measure a distance.’

Thus one of Galileo’s earliest works speaks for his considerable concerns
for precision measurement. The context is neither that of establishing a
new theory, nor of verifying its conclusions, but rather to provide a more
convincing philological account of how Archimedes may have solved the
crown problem. Thus in La Bilancetta Galileo did not need to provide any
numerical data. Although the hydrostatic balance was not his invention,
the coiled wire was, and in all probability he used it again. Among his un-
published papers Antonio Favaro found tables of experimental data about
precious metals and stones weighed in air and in water. The procedure for
measuring the weights of equal volumes of substances appears to be paral-
lel to that of La Bilancetta, thus most likely Galileo used the same type of
balance he had described there. The nature of the materials studied by Ga-
lileo suggests that he had a utilitarian perspective in mind, with gold-
smiths and jewelers as an obvious audience for his work. Here we find a
concrete example of his interest in numerical data.?

Although his tables remained unpublished and, to my knowledge, did
not circulate, Galileo found another way of publicizing similar empirical
data on this topic by means of the geometric and military compass. While
the compass is primarily a calculation device, Galileo included data to de-
termine the size of spheres of equal weight but different materials, such as
gold, lead, silver, copper, iron, tin, marble, and stone. Galileo’s compass
had a practical and utilitarian aim for a range of people including metal

3. Galileo (1890-190), 1:215-20; Drake (1978), pp. 6-7.
4. Galileo (1890-1909), 1:221-8. On experiments in conversation with the classics in
a slightly later period see Tribby (1991).
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DELLE PROPORZIONI DELLE GRAVITA IN SPECIE

DE I METALLI E DELLE GIOIE

PESATE IN ARIA ED IN AQQUA

Oro puro in aria pesd grani 156 /i 100 1000 576
pesd poi in aqqua grani 148/, 94 948 546}
Argento puro in aria pesd grani 179/ 100 576
pesd poi in aqqua grani 162 90 "l | 520 oo
, N ; 576
altra d’argento piu fine | 520 */un
10 Rame in aria grani 179 " 576 576 !
in aqqua grani 159 510 Yio | 510 * i
Diamante pesd in aria grani 487 576
in aqqua grani 34"/n | 413 %/
Rubini 3 in aria grani 16’ 576
in aqqua grani 127w | 4327w
Smeraldo in aria grani 133 %n | B76
in agqua grani 84%s | 340 Y
Topazio in aria grani 381%. | 576
in aqqua grani 242" | 366/

4. pesati corretto in pesate —

Figure 1: Galileo’s Tables of metals and precious stones

This table, based on Favaro’s edition of Galileo’s manuscript, shows the weights of
different metals and precious stones measured in air and water. From their differ-
ence it was possible to determine the weight of a unit volume of a given sub-

stance.
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workers and gunners, rather than a foundational one for the new science,
yet it documents his interest in quantitative empirical data, one Mersenne
would have much appreciated.

It seems appropriate in dealing with a topic like Galileo in Paris to at-
tempt a triangulation with another mathematician who worked on a simi-
lar topic, namely Marino Ghetaldi. There are strong reasons for mention-
ing him here. Ghetaldi, a gentleman from Ragusa, now Dubrovnik, was a
friend and correspondent of Galileo, whom he met at Padua in the circle of
Gian Vincenzo Pinelli. He too had recourse to the hydrostatic balance,
though he does not appear to have used the coiled wire devised by Galileo.
In his Promotus Archimed{els Ghetaldi produced celebrated tables of the
weights of several substances that Mersenne greatly admired. He repro-
duced them in the 1623 Quaestiones in Genesim, a monumental work where
numerical tables are largely absent, and in the 1644 Cogitata physico-
mathematica.”> Ghetaldi included several pages of tables. Those I show here
give the ratio between equal volumes of twelve substances, gold, quick-
silver, lead, silver, copper, iron, tin, honey, water, wine, wax, and oil.°

Ghetaldi did not expand on the time, location, and circumstances of his
experimental work, or on the nature of the samples examined, but he pro-
vided extensive information on the accuracy of his procedures. He ex-
plained that he had trouble obtaining perfect spheres, thus he worked
with cylinders with the height equal to the diameter, and then calculated
with Archimedes the weight of the inscribed sphere. He printed the unit
length of the old roman foot, but in the Errata he specified that the paper
had shrank, so the unit had to be increased by /4. He highlighted his us-
age of horse’s hairs to hang the weights, since they weigh approximately as
an equal volume of water. Ghetaldi relied on special techniques for weigh-
ing bodies, such as coating a piece of gold with a thin layer of wax to
weigh it in mercury, so it does not amalgamate. He also relied on wax
balls attached to lead weights, an idea with some analogies to later used by
Galileo in a different context in his dispute with the Aristotelians.” In
conclusion, the care Ghetaldi claimed he had devoted to weighing proce-
dures was meant to warrant for the reliability of his tables. But of course
the tables could be read and used in different ways, as witnesses to the reli-
ability of the data, as convenient unproblematic reference tools to rely on,
and also as open to scrutiny and as an invitation to others to check and im-
prove on the data.

5. Mersenne (1623), cols 1155-6 and 1159-60; (1644), pp. 188-92.
6. Ghetaldi (1603), pp. 32ff.
7. Ghetaldi (1603), pp. 9, 24, 34 and 72. On Ghetaldis work see Napolitani (1988).
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Figure 2: Galileo’s geometric and military compass

Galileo’s geometric and military compass includes a set of points for determining
the sizes of spheres of different materials. Given a sphere of a given material, the
compass enables one to determine the diameter of a sphere of another material
among those tabulated.
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PROMOTVS
Ad comparandum inter {e duodecim corg)omm genera

grauitate, & magnitudine tabella.

‘ANH-H;L ALV, Plum.iéi Aes.|Ferrii, 5_:_:2 vl:[__fmi \r_’mi Cera. Oli
Oleam, |0 M| vk v | 9| Bar| S35 | 15| ap| it | 2
o 1l el | g2 82 Sl e P TN A
Cera. Vit Do 10 1067 ) 9ic) Tic) Tiey) o] |t T
Vinum-__l”iﬁﬁ-”_fi sl 85 7%‘_§,£ ! l
A_qua. i":‘ ”i;“’f s |8 |75 3
Mel k| oh| 7R T e S
S| 2| | 1 o
Ferrum. 2~ 1:% 1;3—{ 1hf gt
Ass. - g j‘ 15| 1
A_gcncum. 1’ 4% i)‘_
Plumbum .| 1 If%i_l :
Arg. Viuu. I’j—_x—
Autum. | 1

Quaro exempli gratia, quambabet rationem in grauitate plumbam ad aurum. In-
seligatur plumbum, quoniam lenius ef} auro, gramitatem babere 1,¢> inlinea plumbi,
tn prima columna nominati,fub titulo auri,quaratur aurs grauitas, ea erit 15T plum
bum igitur ad auram rationem babebit in granitats vt 1,ad 15+, ff enim Sumantur
duo corpora magnitadine equalia , vnam plumbenm alteram aureum , fis autem plum
bei corporis grauitas 1, aureierit 1-+5-, quare corpus plumbenm ad sorpus aureum_
eiufdem magnitudinis rationem habebit in graustate vt 1,ad 155 comparantur au-
tem inter (¢ geners dinzrfa granitate, in corporibas magnitudine equalibus.

‘R urfus,quaro quimbabet rationent in grauitate aqua ad argentum viaum. inteli-
gatur agua,vt lezior argento vinograuitatem babere 1,8 inlineaaque, fubtitulo ar-
gentivinh,quaratur argenti viui grauitas,ea erit 135,aqua igitur ad argentum <isii
rationem habebit in zranitate vt 1,ad 13%.

Contra, quaro guomodo [z habent in magnitudine anrum, & plumbum. intelizatur
aurnmsquoniamgrazias ¢ff plumbo,magnitudinesn habere 1,8 in lineapluméi, fub ti-
tulo auri, queritir plumbi magnitude, ea erit 1= anrum igitur adp/umba»;/{ ba-

441

Figure 3: Tables from Ghetaldi’s Promotus Archimedes

Ghetaldi included in his work several numerical tables based on empirical data
and direct elaborations on them. The table above enables one to determine the
weights of equal volumes of different substances. For example, from the first col-
umn, the weights of equal volumes of silver and gold are in the ratio of 1%/5 to
100. Other tables were especially geared to goldsmiths and all those interested in
determining the ratio of silver to gold of an alloy.
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3. Handling conflicting astronomical data

It is common among Galileo scholars to contrast and compare his method-
ology and handling of empirical data in his two principal areas of research,
the science of motion and astronomy. Winifred Wisan followed this ap-
proach in her important study of Galileo’s scientific method in a paper
originally delivered here in Blacksburg and subsequently published two
and a half decades ago. Traditionally issues like Copernicanism, the
ephemeredes of the Medicean planets, and the nature and position of sun-
spots have attracted the lion’s share of attention.®

Here I focus on Galileo’s handling and presentation in tables of numeri-
cal observational data on the location of the 1572 nova that appeared in
Cassiopeia. This is the only portion of the Dialogo where Galileo had re-
course to numerical tables. Galileo tackled this problem at the beginning
of the third day attacking Scipione Chiaramonti’s treatment of observa-
tional data in De tribus novis stellis (1628), where he had argued that the
new star was sublunar. While trying to retrieve useful and reliable infor-
mation from an array of partly contrasting data, Galileo displayed remark-
able acumen and rhetorical skills in dealing with observational error. Al-
though he displayed similar skills and interests elsewhere in his writings,
his reflections on the 1572 nova are possibly among the most sophisti-
cated in the seventeenth century.” The brief account of the relevant por-
tion of the Dialogo allows us to gauge Galileo’s sensitivity to observational
error.

The problem consisted in determining the position of the star on the
basis of the contrasting observations of about a dozen astronomers, notably
whether it was located above or below the moon. Chiaramonti selected
twelve couples of combinations between observations giving the new star
a sufficiently high parallax as to place it below the moon. Galileo’s rebut-
tal is quite complex and extends over dozens of pages of calculations and
reflections. Of course, Chiaramonti had selected among possible combina-
tions those that suited him best, but other combinations leading to the
opposite conclusion were also possible. Some combinations led to impossi-
ble results, such as placing the star very close to or inside the earth, or be-
yond the fixed stars. Galileo admitted that observational errors were un-
avoidable for all observations, but he argued that they were more likely to
be small rather than large. For example, if “one can modify an obvious er-

8. Wisan (1978).

9. A slightly earlier debate involved monetary estimations, namely if a horse is worth
100 but its value is estimated by two people as 10 and 1,000, who commits the largest er-
ror? Galileo’s answer was that they were equally wrong. Galileo (1890-1909), 6:565-612,
dated 1627. See also Gingerich (1973).
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ror and a patent impossibility in one of {the astronomers’} observations
by adding or subtracting two or three minutes, rendering it possible by
such a correction, then one ought not adjust it by adding or subtracting
fifteen, twenty, or fifty minutes.”!? Galileo also argued that impossible
values should not be discarded, but had to be corrected, adding that
“astronomers, in observing with their instruments and seeking, for exam-
ple, the degree of elevation of the star above the horizon, may deviate from
the truth by excess as well as by defect, that is, erroneously deduce some-
times that it is higher than is correct, and sometimes lower.”!! Further,
Galileo pointed out that the size of the mistakes in determining the star’s
parallax is not proportional to the corresponding mistakes in the star’s po-
sition, because tiny errors of parallax could result in huge changes in the
star’s position, as when parallax is small. Moreover, he attacked
Chiaramonti’s presentation of data for reasons associated with orders of
magnitude. In one instance Chiaramonti had determined a star’s distance
as 373,807%!Y /4097 miles. “Now, argued Salviati/Galileo, when I am quite
sure that what I seek must necessarily differ from correctness by hundreds
of miles, why should I vex myself with calculations lest I miss one inch?”!2
These are quite impressive observations not frequently found in print at
the time.

The climax of Galileo’s attack is a lengthy series of calculations show-
ing the corrections required to make the twelve couples of observations se-
lected by Chiaramonti point to the star’s distance from the earth being
thirty-two radii. That value was selected as the closest to the moon’s orb
among those found, or the most favorable to Chiaramonti. Galileo’s calcu-
lations are summarized in a table of corrections, showing that from the
sum of all the parallaxes, giving 836, we have to make corrections in ex-
cess of 756’. By contrast, Galileo could show that he could select an equal
number of couples of observations requiring corrections of 10’!/4 to make
the star in the firmament.!? His table is based on computations but it re-
lies ultimately on observational data, which are subsequently manipulated
for ostensive purposes.

Galileo’s analysis reveals the care he had devoted to error analysis in as-
tronomy and the sophistication of his reflections, by seventeenth century
standards. Sagredo concludes Salviati/Galileo’s lengthy demolition of
Chiaramonti’s work with one of the most devastating passages of the

10. Galileo (1890-1909), 7:331-4, quotation at 314. See also Drake (1967),
pp- 289-90.

11. Galileo (1890-1909), 7:316; Drake (1967), p. 291.

12. Galileo (1890-1909), 7:321; Drake (1967), p. 296. Galileo makes an analogous
claim in the Discorsi, 8:109.

13. Galileo (1890-1909), 7:34.
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1*, del Maurolico e dell’ Hainzelio; onde si rac-

coglie, la stella essere stata lontana dal centro

manco di 3 semidiametri terrestri, essendo la dif-

ferenza di parallasse gr.4.42 m.p. e 30 sec. . 3  semidiametri;
2%, e calculata dall’osservazioni dell’ Hainzelio

e dello Schulero, con parallasse 8 m. p. e 30 sec.;

e si raccoglie la sua lontananza dal centro pitt di 25  semidiametri;

3% e sopra le osservazioni di Ticone e del-

I’ Hainzelio, con parallasse di 10 m. p.; e si rac-

coglie la distanza dal centro poco meno di. . . 19  semidiametri;
4" e sopra !’ osservazioni di Ticone e del Land-

gravio, con parallasse di 14 m. p.; e rende la

distanza dal centro circa . . ........... 10  semidiametri
5* e sopra l’osservazioni dell’Hainzelio e di

Gemma, con parallasse di 42 m. p. e 30 sec.; per

la quale si raccoglie la distanza circa. . .. . . 4  semidiametri
6*, e sopra 1’osservazioni del Landgravio e del

Camerario, con parallasse di 8 m. p.; e si ritrae

la distanza cirea . . . . ... ... ... ... 4  semidiametri
7%, e sopra ’osservazioni di Ticone e dell’ Hage-

cio, con parallasse di 6 m. p.; e si raccoglie la

Aistanza . . . . .. 32" gemidiametri ;
8", e con I’ osservazioni dell’ Hagecio e del-

I'Ursino, con parallasse di 43 m. p.; e rende la

distanza della stella dalla superficie della Terra s semidiametro
9* e sopra le osservazioni del Landgravio e

del Buschio, con parallasse di 15 m. p.; e rende

la distanza dalla superficie della Terra . .. . . 145 di semidiametro
10°%, e sopra 1’osservazioni del Maurolico e del

Munosio, con parallasse di 4 gr. e 30 m.p.™;

o rende la distanza dalla superficie della Terra s di semidiametro
11*, e con le osservazioni del Munosio e di

Gemma, con parallasse di 55 m. p.; e rendono

la distanza dal centro circa. . . ......... 13 semidiametri

12*, e con le osservazioni del Munosio e del-
" Ursino, con parallasse di gr. 1 e 36 m.p.; e gl ‘ -
ritrae la distanza dal centro meno di. ... .. 7 semidiametri

Figure 4: Observations of the 1572 nova

Galileo tabulated twelve couple of observations of the 1572 nova, giving the pat-
allax and the distance from the earth in semi diameters of the earth. According to
all the calculations the new star would be sublunary, since its greatest distance
would be thirty-two earth radii.
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Figure 5: Galileo’s table of corrections

This unusual table gives the corrections necessary to make all observations agree
that the new star’s distance is thirty-two radii. Galileo omitted from the previous
table the seventh value, giving exactly thirty-two radii, and also the second, giv-
ing twenty-five radii, since the correction of only 1'30” is negligible. His calcula-

tions contain small errors.
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Dialogo: “This is as if I were watching some unfortunate farmer who, after
having all his expected harvest beaten down and destroyed by a tempest,
goes about with pallid and downcast face, gathering up such poor glean-
ings as would not serve to feed a chick for one day.”'*

4, Testing the science of motion

Having briefly surveyed examples from hydrostatics and astronomy, I be-
lieve we are now better placed to examine Galileo’s presentation of the sci-
ence of motion and his contemporaries’ reactions to it. Galileo’s manu-
scripts and correspondence reveal his skill in analyzing experimental data
and sophistication in reducing observational errors, yet his published texts
reveal little of his reflections and acumen. Some of his Padua manuscripts
and his 1639 letter to Baliani are especially significant.!

Ample portions of the science of motion are discussed in the Dialogo,
but the formal presentation of the new science occurred only in the
Discorsi, where he introduced his treatise in axiomatic form in Latin, inter-
spersed with elucidations in Italian. In the Dialogo Galileo adopted a dis-
cursive approach in Italian, discussing experiments in a rather informal
fashion.'® It is here, however, that he gave some numerical values that at-
tracted the attention of his contemporaries. In the second day Galileo
states that “per replicate esperienze” a ball of one hundred pounds falls one
hundred braccia in five seconds, a distance that is roughly half the correct
one. In this area Galileo was primarily interested in establishing propor-
tions between variables such as distances, times, and speeds, rather than
finding numerical values or parameters. No such value is presented in the
Discorsi. This is the sort of problem, however, that appealed to Mersenne
and to the Genoese patrician Gianbattista Baliani, who in 1632 inquired
with Galileo how to determine his value, since he lacked buildings of
sufficient height. At the time Galileo had more pressing concerns, but in
1639, following a second request by Baliani, he replied that he had used
the inclined plane, thus he had not performed the experiment directly. As
to time, with the help of some friends they counted the number of oscilla-
tions of a pendulum of arbitrary length necessary for a star to return to its
original position in twenty-four hours, and then found the number of sec-
onds by means of the relation between periods of oscillations and dis-

14. Galileo (1890-1909), 7:346; Drake (1967), p. 318. I have changed chicken to
chick the Italian being pu/cino.

15. Recent analyses of Galileo’s manuscripts in volume 72 of the Galilean collection at
the Florence National Library are in P. Damerow (1992); Renn (2001). Galileo
(1890-1909), 18:75-9 and 93-5; Galileo to Baliani, August 1 and September 1, 1639;
Drake (1978), pp. 398-404.

16. In the vast literature on the Dialogo see Jardine (1991).
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tances. Despite giving all these details, Galileo seemed reluctant to com-
mit himself to the value he had provided, arguing that it may need
revision. In fact, in a marginal addition to his own copy of the Dialogo he
did provide a much-improved value. He had Simplicio say that a lead ball
of one hundred pounds would fall more than one hundred bracia in four
pulse beats, a much more accurate value that would have been greatly wel-
come by Mersenne.!” It seems plausible that Galileo had the experiment
tried after the 1639 letter by Baliani, this time directly from a high tower
as opposed to by extrapolation from an inclined plane.

Galileo’s correspondence with Baliani is useful in interpreting his pub-
lished data and Mersenne’s problems with them. Galileo’s value was less
than excellent and it was affected by a major error. By having bodies roll
down inclined planes, part of their speed was taken up by the rotation. For
a sphere the distance traveled down an inclined plane is °/; of what one
may have expected by extrapolation from free fall. The problem does not
arise, however, if one compares bodies rolling along planes with different
inclinations.'® Much like Baliani, Mersenne too had trouble with Galileo’s
values. Besides the as yet unclear problem of rolling, his trouble was also
due to unit measures. He first assumed that a Florentine braccio was twenty
inches, then Peiresc told him that is was 21'/,. Several years later in
Rome, in a little shop near St. Peter’s selling unit measures for the whole
of Italy, Mersenne found that the correct value was 23 inches. Such prob-
lems with units were of major concern to him. Even so, Galileo’s pub-
lished value was far too low and puzzled him.?

In 1634 Mersenne published two works directly related to Galileo, a
French translation of Le mecaniche and a short pampbhlet in the wake of Ga-
lileo’s claims on falling bodies in the Dialogo, Traité des mouvemens.
Mersenne’s translation contains several additions, yet he included no nu-
merical tables. In the Trait¢ Mersenne, in a radical departure from his pre-

17. Galileo (1890-1909), 7:250; Galileo (1890-1909), 14:342; Baliani to Galileo, 23
April 1632;18:75-9; Galileo to Baliani, 1 August 1639. For the marginal addition in Ga-
lileo’s own copy see Galileo (1998), vol. 1, p. 32.

18. It has long been a mystery when this problem was first adequately conceptualized.
Although Mersenne detected it, I suspect that it was Huygens who became aware that the
speeds of bodies of different shapes, a ring, a cylinder, a sphere, and a prism on rollers, roll-
ing down an inclined plane were different. Huygens was also the one who found the solu-
tion to the problem of the center of oscillation. The two problems are related and both rely
on what we call moment of inertia of a body. See Huygens (1888-1950), 19:158.

19. Mersenne (1636), p. 88; (1647), p. 192. Mersenne opened Cogitata physico-
mathematica, pp. 1-40, with an extensive discussion of unit measures of distances and
weights, including the weights of coins. He compared Roman, German, Hebraic and other
units with Parisian ones and on page 2 even established with the help of a microscope how
many grains of the sand of Etaples, on the English Channel, make a Parisian foot.
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vious views, claimed to have confirmed by means of very accurate experi-
ments the proportionality between distances and the square of the times.
Mersenne reported that a lead ball descends 147 feet in 3!/, seconds, 108
feet in 3 seconds, and 48 feet in 2 seconds. His values were somewhat low,
but better than Galileo’s published ones. On the basis of these data he con-
structed several tables, such as the following one.?

In his tables he made the significant assumption that the proportion es-
tablished is invariant under the choice of different unit measures of time.?!
Mersenne’s table is based at the very best on three experimental data and
relies on huge extrapolations ranging, as Mersenne explains, over all the
heights and depths one could encounter. Of course, even the three experi-
mental values arouse suspicion, since they show a perfect agreement down
to the last half-second and foot. Here Mersenne was not at all interested in
giving raw experimental data, but rather in providing an ordered array of
numbers loosely tied to experiment so one could determine heights from
the time of fall. Mersenne enjoyed presenting and discussing numerical
values in general, and he relished in particular the quasi-aesthetic pleasure
of ordered columns and rows.

Mersenne’s brief pamphlet was later incorporated in Harmonie
Universelle, a sprawling treatise dealing with the problem of musical hat-
mony broadly conceived and covering a wide range of subjects, such as the
nature and properties of sound and the features of string instruments. The
book is a bibliographic nightmare with so many errors that it has been al-
leged that no two identical copies exist. For this reason it has become cus-
tomary to rely on the 1965 reprint of Mersenne’s own copy with his own
annotations.?? The second book, as Mersenne explained in the introduc-
tory Advertissement, is devoted to an examination of the Dialogo by Galileo,
“a most excellent philosopher,” in order to establish some principles useful
in physics.?? Indeed, Mersenne scrutinized many propositions by Galileo,
both mathematical and experimental, such as the problem of extrusion of
a body on a rotating earth and the motion of pendulums. The reason for
dealing with Galileo was that sound is motion and Galileo’s Dialogo deals
with motion.

Readers seeking tables in Mersenne’s treatise will feel overwhelmed by

20. Dear (1988), chapters 4 and 5 and pp. 136-7. Mersenne’s pamphlet, Traité
des mouvemens, et de la cheute des corps pesans, & dela proportion de leurs differentes vitesses (1634),
is extremely rare and has been reprinted in Corpus: Revue de philosophie (1986), pp. 25-58,
at 36.

21. I doubt whether he realized the consequences of this implication, as several other
scholars noticed in the same years. This matter is explained below.

22. Mersenne (1963). For bibliographicinformation see pp. vii-viii.

23. Mersenne (1963), p. 84.
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Figure 6: Mersenne table of falls

Mersenne’s table does not provide experimental data, but rather is an extrapola-
tion linking the times of fall, in half-seconds, and the distance fallen. The first
column gives the half seconds, the second column the sequence of odd numbers,
the third column gives how many feet the ball falls in each time interval, whereas
the last gives the total distance fallen.
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the richness of their trove. Besides the few retrieved from the 1634 trea-
tise, one finds many others dealing with several issues, including the prob-
lem of motion. In a particularly interesting one he compared different the-
oretical proportions of fall, showing against hasty extrapolations that over
short distances it is not easy to discriminate among them empirically.?*

No other place provides more revealing evidence of Mersenne’s attitude
to tables than his criticism of Galileo’s doctrine of falling bodies along in-
clined planes. In the first day of the Dialogo Galileo had argued that given
an inclined plane ABC with a side CB perpendicular to the horizon, a
body takes the same amount of time to fall along the vertical CB, as it
takes to fall on the portion CT of the incline from the vertex C to the per-
pendicular from B to the hypotenuse. In all likelihood Galileo reached his
conclusion from theoretical premises and extrapolations from inclined
planes with low inclinations.?’

Mersenne was not one to take such statements at face value and experi-
mented with inclined planes of 15°, 25°, 30°, 40°, 45°, 50°, 60°, 65°, and
75°. Two equal spheres of lead or wood were released at the same time,
while one fell vertically from a height of five feet, the other rolled down
the inclined plane. At all elevations Mersenne found that the rolling
sphere covered a distance noticeably shorter than that predicted by Gali-
leo. Most values gave a difference of at least half a foot. However, here we
do not find a table comparing expected results with experimental data.
This was not one of the tasks Mersenne’s tables aimed to accomplish, yet I,
and I guess most modern readers, would feel strongly tempted to present
the results of his experiment in tabular form as a “natural” layout. Indeed,
while reading it I found myself constructing a table to figure out what was
going on.?°

In Harmonie universelle Mersenne doubted that Galileo had performed
experiments with inclined planes since the ratio between rolling and fall-
ing was not as expected, but in a marginal note handwritten in his own
copy of the book he referred to Galileo’s account of the inclined plane ex-
periment in Discorsi.?” Let us move to that work.

The first two days of the Discorsi deal primarily with the science of the

24. Mersenne (1963), p. 126. Dear (1995), p. 132, stresses Mersenne’s concern with ex-
perience, even if it is repeated many times.

25. Galileo (1890-1909), 7:49-50.

26. Mersenne (1963), pp. 111-2. For 15° the sphere rolled down 12” instead of the ex-
pected 167; for 25°, 18” instead of 25”; for 30°, 24” instead of 30”; for 40°, 33” instead of
38”Vs; for 45°, 36” instead of 427; for 50°, 33” instead of 46”; for 60°, 33” instead of 52”;
for 65°, 36” instead of 54”; for 75°, 42” instead of 58.” Dear (1995), pp. 131-2, empha-
sizes Mersenne’s narrative style.

27. Mersenne (1963), p. 112.
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Figure 7: Table from Mersenne, Harmonie Universelle, 126

Mersenne constructed this table as a warning against careless extrapolations. Sev-
eral laws of fall may resemble each other over a short distance, only to diverge dra-
matically later on. Mersenne added some corrections by hand in his own copy of
the book.

resistance of materials, but they also contain many digressions, including
one on the pitch of musical strings in relation to their length, thickness,
and tension. Unlike Mersenne, however, Galileo did not use numerical ta-
bles, but geometric diagrams showing the lengths of different strings.®
In the Discorsi the deductive structure of Galileo’s science poses con-
straints on the role and presentation of experiments. Recent works on the
seventeenth century have focused on narrative styles and conventions and
on the problems of relying on contrived experiments produced at certain
times and places to make universal claims about nature.?? However, narra-
tive styles were affected by a number of factors, such as the specific mathe-
matical discipline involved and the particular way a discipline was formu-
lated. I have in mind the formulation of a discipline in axiomatic form

28. Galileo (1890-1909), 8:138-49. Mersenne’s usage of tables to tune a string instru-
ment is discussed below.

29. A locus classicus is Schmitt (1969). See also, Dear (1995); Daston (1991). Of course,
the specific features of how the experiment was performed, its reliability and power of per-
suasion were also highly relevant.
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C
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Figure 8: Fall along an inclined plane

Galileo argued that a body falling along the vertical CB would require the same
amount of time to fall along CT on the incline, where BT is perpendicular to AC.
However, since a body on the incline CTA normally rotates, it will be somewhat
slower depending on its shape and will not reach T.

following an Archimedean pattern, as is the science of motion in Galileo’s
Discorsi for example, versus a looser formulation where various results are
tested and presented piecemeal, as in the Dialogo or Mersenne’s Harmonie
Universelle.

In the Discorsi Galileo’s science of motion was dependent on a definition
and a principle or postulate. The definition states that uniformly acceler-
ated motion from rest is that where speeds are proportional to the times.
The principle states that the “gradus velocitatis” acquired by a body in
falling along inclined planes with different inclinations are equal when-
ever the heights of the inclined planes are equal. Galileo had Sagredo ar-
gue that his “lume naturale” or innate understanding made him accept the
principle, but Salviati presented an additional experiment in its support,
namely pendular oscillations. The bob raises back to its original height
even if one was to interpose a nail along the vertical, forcing it to move on
a different path. The same would be true, according to Galileo, if a sphere
was to fall along a straight line as on an inclined plane, rather than an arc,
as in the pendulum. In theorem 2 and its corollary, Galileo proved that
distances traversed with uniformly accelerated motion are as the squares of
the times, whence follows the odd-number rule. Now follows the famous
experiment with the inclined plane that attracted Mersenne’s attention in
his marginal note. The experiment was meant to show that Galileo’s
mathematical construction was applicable to the real world, since falling
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bodies follow the odd-number rule. Thus this experiment was not really
presented as having a foundational role, since Galileo’s mathematical con-
struction, as opposed to its empirical success, would not be affected by a
negative result.?°

It is instructive to contrast the subsequent attitude of Galileo and his
closest associates to the postulate and the odd-number rule. Vincenzo
Viviani pressed his master over the issue of the postulate until Galileo, af-
ter the publication of his treatise, came up with a solution in the form of a
proof of his assumption, which was subsequently published in the second
edition of the Discorsi in 1656. As to the odd-number rule, several mathe-
maticians like Galileo himself, Torricelli, Huygens, and Le Tenneur, as
well as the physician Theodore Deschamps, defended its superiority
against rival versions due to the Jesuits Le Cazre and Fabri, for example,
by arguing that it is invariant under the choice of different time-units,
whereas its rivals were not. Thus in both cases there was an attempt not to
provide more accurate experimental results and to present them in numer-
ical tables, but rather to reduce altogether the role of experiments by in-
voking what we may call a regulative or architectonic principle of reason.
Here the problem of establishing an axiomatic mathematical theory was
not tied to different narrative strategy of how experiments were per-
formed, but to finding suitable principles.®!

30. Dear (1995), p. 127, somewhat puzzlingly claimed that the odd-number rule was
“the basic assumption” of Galileo’s science of motion. This claim is not true for the specific
axiomatic presentation chosen by Galileo, although here I believe Dear had in mind Gali-
leo’s broader concerns rather then his specific presentation. Similar comments apply also to
p- 143: “Galileo could not achieve the requisite effect of indubitability for his first princi-
ples, however, insofar as he could not be sure of their universal acceptance by his expected
readership. He therefore threw in his inclined plane trials ... as a means of establishing one
of his fundamental theorems.” This statement may apply to the claim that bodies falling
along inclined planes can rise to their original height, not to the inclined-plane experi-
ments relevant to the odd-number rule as used by Galileo in Discorsi.

31. Galileo (1890-1909), pp. 214-9. Fabri, for example, denounced the odd-number
rule and proposed instead the series of natural numbers, 1, 2, 3, 4 etc. By changing the
unit of time, doubling it for example, the odd-number rule gives the sequence 4(=1+3),
12(=5+7), 20(=9+11), etc., proportional to 1, 3, 5, etc., therefore if the distance fallen
in the first time interval is as 1, those fallen in subsequentintervalsare as 3, 5, etc. By con-
trast, changing the time units changes Fabri’s sequence beyond recognition. In this sense
Galileo’s rule is invariant for a change of units of time, whereas Fabri’s is not. Huygens
(1888-1950), 1:24-8; Huygens to Mersenne, Leyden, 28 October 1646. Mersenne
(1932-88), 12:351; Deschamps to Mersenne, 1 November 1643. Galileo had already out-
lined a similar reasoning in his letter to Baliani of 20 February 1627, Galileo
(1890-1909), 13:348-9. Torricelli (1919), 3:326-8, at 326-7; Torricelli to Mersenne,
June 1645, pp. 461-6, at 461-2; Torricelli to Giovanni Battista Renieri, August 1647.
See also Palmerino (1999), pp. 269-328, at 295-7 and 319-24 (on Le Tenneur); (2003).
Archimedes, vol. 6, pp. 187-227. Lenoble (1943), pp. 423-5. Other examples include the
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Figure 9: Galileo’s tables from the Discorsi

In Discorsi Galileo included tables related to parabolic trajectories. The one above
gives the amplitude of the semi-parabola described by a body shot with the same
speed for different angles of elevation. Notice that the greatest amplitude is for
45°, while complementary angles (whose sum is 90°) give the same amplitude.

denial of perpetual motion (adopted by Stevin), Galileo’s notion that a pendulum bob
raises to its original height, Torricellis principle about the center of gravity of combined
bodies having to descend for them to move, and Huygens’ relativity of motion in the in-
vestigation of impact. Huygens was especially keen to adopt different versions of
Torricellis principle. In these cases experiments had largely a private heuristic role and a
public ostensive one at best. The situation was quite different for Galileo in earlier stages
of the formulation of his science and for other scholars.



184 The Role of Numerical Tables in Galileo and Mersenne

At the end of the Discorsi and in De motu Galileo and Torricelli added
numerical tables providing data about parabolic trajectories with different
elevations. Those tables, however, contain no experimental data, but re-
semble standard trigonometric tables appearing in astronomical works.
Mersenne reproduced Galileo’s tables in his 1644 Cogitata physico-
mathematica. >

Under the narrow compass of this paper I have been able to show and
discuss, albeit briefly, all the tables in Galileo’s two chief publications.
Whilst it is conceivable to provide a comprehensive account of numerical
tables in Galileo,?? this task is beyond my ability for Mersenne. No man-
ageable compass, however large its aperture, could have included even a
representative portion of the tables in Harmonie Universelle. This seems to
be an important and perhaps under-analyzed feature of his work, one re-
vealing of his philosophical perspective on nature and emphasis on the
harmony of the world.

5. Concluding reflections

Mersenne’s lack of interest in axiomatic formulations and passion for
music and harmony gave him a special perspective of the mathematical
disciplines.> In Harmonie universelle he felt the need to present a table of
the weights to be attached to a string producing the first audible sound
with a weight of six pounds, in order to produce forty-two octaves, argu-
ing that the weight of the earth would only suffice to reach forty-one
octaves.” Thus Mersenne selected a physically significant value, despite
the fact that one could not experiment with it. It appears that he was in-
terested in presenting tables covering a realm in nature in a fashion only
partly and loosely linked to experience. Mersenne took an aesthetic and in-
tellectual pleasure both in numbers and in their tabulations. His infatua-
tion with tables was linked especially to Harmonie universelle, and to a
smaller extent to La verité des sciences, while in other works from Quaestiones
in Genesim to Cogitata physico-mathematica tables appear much more sporad-
ically. In Harmonie universelle, outdoing Jonathan Swift, Mersenne went as

32. Galileo (1890-1909), 8:304-8. Mersenne (1644), pp. 104 and 108.

33. I am not considering here tables of the Medicean planets since they were presented
as diagrams rather then arrays of numbers.

34. The works of Johannes Kepler are an extraordinary source of tables, and one espe-
cially interesting to compare to Mersenne. Kepler titled one of his books Harmonice mundi
(1619). It is well known that the notion of harmony had deep theological implications for
both scholars.

35. Mersenne (1636), pp. 184-9, at 186—7. Mersenne talks of the harmony of the seven
planets and the earth by considering the sound produced if they were appended to eight
equal strings.
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far as to present a table enabling a deaf person to tune a string instrument.
Ironically, the table is incorrect because in talking of the grosseur of a string
Mersenne shifted from its linear diameter to its cross section, but even this
quixotic attempt is revealing of the crucial role of ordered number se-
quences in understanding harmony. The deaf person is capable not simply
of tuning the string instrument operationally, but also to appreciate har-
mony as manifested in the table.*

Galileo’s tables and usage of numerical data present different features.
Galileo’s interest in the (specific) weights of different substances seems
based on utilitarian aims, whereas in the case of the 1572 nova observa-
tional data had major philosophical implications on its location. In the
science of motion, however, Galileo saw proportions as the primary math-
ematical language of nature. His science of motion included theorems and
a number of geometrical problems, but in this context determining nu-
merical values was a curiosity devoid of deep philosophical and scientific
interest to him.

When we think of a numerical table in the mixed or physico-
mathematical disciplines we often have in mind one comparing theoreti-
cal computations with experimental data. Such tables were used to argue
that the discrepancies were very small, or had an eye to explaining second-
ary effects emerging from those discrepancies. However, this is not what
we tend to find in the published works by Galileo and Mersenne, though
we may find it among Galileo’s manuscripts as a private heuristic device.
To remain within the science of motion, we find extensive tables with nu-
merical data of experimental results on falling bodies with the Jesuit
mathematician Gianbattista Riccioli. His enormous A/lmagestum novum
(1651) relies extensively on tables on a remarkable range of topics and
with remarkably different aims. Even within the comparatively few pages
on falling bodies, tables are used in many ways, including the presentation
of experimental data on bodies of various materials and sizes falling from
the Asinelli tower. His data showed that in no case among the twenty-one
investigated did the spheres fall exactly at the same time.?” Riccioli tried
to provide an Aristotelian explanation for the discrepancies in the dis-

36. My favorite table in Mersenne, La verité des sciences (1625), is at pp. 549-51, where
one finds the number of combinations of tunes that can be produced by an instrument with
up to fifty strings. Mersenne (1636), p. 125. See also Dostrovsky (1975), pp. 169-218, at
186-7.

37. Riccioli (1651), vol. 2, pp. 387b-388a. See also Koyré (1968), pp. 89-117; Dear
(1995), pp. 71-85; at 82 Dear reproduces one of Riccioli’s tables showing that the vibra-
tions of the pendulum are isochronous and that a clay sphere of eight ounces falls in accor-
dance with the odd-number rule; on the experiment discussed in the text see pp. 83—4; on
mathematical tables in the second half of the century see pp. 201-9.
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Figure 10: Mersenne’s table, Harmonie, I 1867

Mersenne’s remarkable table gives the octaves produced by a string with different
weight attached. The first audible sound is produced by a weight of six pounds;
the first octave requires twenty-four pounds, and so on to the forty-second octave.
The weight of the earth is not sufficient to reach the forty-second octave.
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Figure 11: Mersenne’s table, Harmonie, IIT 125-6

Another remarkable table by Mersenne. This time he provides data so that even a
deaf may tune a string instrument, based on the tension, thickness, and length of
its strings. The first table gives the tension of strings with equal length and thick-
ness. The second table gives their thickness, measured as a diameter, with equal
length and tension. The third table gives the length of strings with equal thick-
ness and tension. The last table gives their tension when both thickness and
length are variable. Alas, the fourth table is inconsistent with the second because
in the second by thickness Mersenne means diameter, whereas the fourth makes
sense only if thickness means cross-section. Such are the perils of tuning instru-
ments by numerical ratios alone.

tances fallen by the spheres based on the different combinations of light
and heavy elements. After him several others, such as Boyle and Newton,
had recourse to numerical tables to study the properties of compressed air
and the resistance of fluid to motion, for example.

It may be useful to attempt a classification of the tables we have seen
thus far, bearing in mind that the same table may fit a variety of purposes
and be used by readers in different ways. The first type presents empirical
data unrelated to theory. For example, weights of various materials as
those provided by Ghetaldi could not be predicted and calculated on the
basis of any theory, but could only be measured empirically, compared,
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and tabulated. The aim of such tables appears to have been largely practi-
cal and utilitarian.

The second includes observational or experimental data with theoreti-
cal implications. Galileo’s analysis of the positions of the 1572 nova falls
into this category. Here tables were used in various forms to present data
in a suitable form for drawing broader conclusions.

The third consists in calculation aids largely relying on trigonometry.
The numbers rely on theory and the table works in a way not too dissimi-
lar from a modern computer. Galileo’s tables for shooting in day four of
the Discorsi and Torricelli’s in De motu fall into this category. This was the
most common form for astronomical tables.

The last type seems to have a didactic, philosophical, and esthetic pur-
pose at the same time. It presents tables obtained from elementary theo-
retical calculations bound within loosely empirical or meaningful limits,
such as the maximum height whence a body can fall or the weight of the
earth. Some tables show the natural numbers with their squares, for exam-
ple, or the differences between successive squares, giving the progression
of odd numbers. Here the purpose is not to ease computation, but rather
to highlight the symmetry and regularity of certain phenomena, such as
falling bodies, for example, or to find a height from the time of fall, or to
ponder on the regularities of nature. It is not surprising that such tables
figure quite prominently in a work titled Harmonie universelle and form a
characteristic feature of Mersenne’s worldview.
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