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This paper discusses a quantitative method for the study of historical keyboard instrument tunings
that is based on a measure of the perceived dissonance of the intervals in a tuning and their
frequency of occurrence in the compositions of Domenico Scafl&85—175Y. We conclude that

the total dissonance of a large volume of music is a useful tool for studies of keyboard instrument
tuning in a historical musical context, although it is insufficient by itself. Its use provides significant
evidence that Scarlatti used French tunings of his period during the composition of his sonatas. Use
of total dissonance to optimize a 12-tone tuning for a historical body of music can produce
musically valuable results, but must at present be tempered with musical judgment, in particular to
prevent overspecialization of the intervals. 1®97 Acoustical Society of America.
[S0001-496607)03603-3

PACS numbers: 43.75.56VJS

INTRODUCTION particularly uncertain, since he was born and trained in Italy,
but spent most of his career in Portugal and Spain, and did
Numerous musical scales have been used over the yeag§i of his significant composing while clearly under strong
for Western music, with the aim of maximizing the quality of Spanish influence. A method which might infer information
sound produced by fixed-pitch 12-note instruments such agoncerning his tuning preferences solely from his surviving
the harpsichord. The principal musical interval in this tradi- music would therefore be of value to musicians and musi-
tion is the octave, which is defined as a factor of 2 in fre'cologists.
quency. Other “pure” intervals are defined as those formed  Thjs paper discusses a quantitative method that is based
by small integer ratios; such intervals have maximum overyn g measure of the perceived consonance of the intervals in
lap qf _harmonic partial; of these instruments and hence teng tuning and their frequency of occurrence in the composi-
to minimize beating. Given that the octaves are to be exactlyo ¢ of Scarlatti. Its presumption is that Scarlatti would

in tune, only a few of the other intervals can be pure in 3avoid passages using intervals that were markedly out-of-

single fixed tuning. . . tune or dissonant in his tuninguch as wolf fifthy except in
The modern preference is to make all intervals some-

what “imoure” by using 12 equal semitones. There is ther1pas:sing, and would tend on average to emphasize those in-
. P y g 1c €q : j tervals and keys which were relatively pure. Unlike tradi-
no difference between various musical keys and there are no ) . .
o . . ional approaches to this questibmyhich are based on the
restrictions on modulation. Unfortunately, this also removes

key tonality as a significant structure in music. Three hun_same'assumptlon, bUt rgly upon cuIture—dgpendent |qterval
%electlon and classification, this method is based directly

dred years ago this was not the case. Until about 1780, th : ) . )
preference was to tune keyboard instruments so that conPon experimentally determined psychoacoustic properties
uman hearing.

monly used intervals were purer than those less used. Th%f h ! o
Setharesintroduced a parameterization of the percep-

resulting nonequal semitones gave a different harmonic
“color” to each musical key. These harmonic colors were tual data of Plomp and Levélthat can be used to calculate

part of the musical language of the time, philosophically andhe perceived dissonanger equivalently, the perceived con-
practically. If one wishes to understand the musical languag&onancgof an interval given the spectrum of a sound. It can
of early keyboard composers, the tuning in which their musid?€ used to relate the timbre of a musical sound to a set of
was conceived and heard is important. intervals (or scale in which the sound can be played most

However, few composers documented the exact tuninggonsonantly. This paper reports on the results of applying
used in their music. Although there is sufficient historicalthis approach to investigate harpsichord tunings of Do-
evidence that the period and nationality of a composer cafmenico Scarlatti, by finding tunings which minimize the dis-
narrow the choice considerably, there are often significangonance over all intervals actually used by Scarlatti in his
variances between historically justifiable tunings for any spesonatas. The resulting tunings are then compared both theo-
cific piece of music. One of u6l9 has recorded the com- retically and using informal listener tests to several well
plete harpsichord works of Domenico Scarlatt685-1757  known historical tunings. The method should be applicable
in the style of his time. Scarlatti’s tuning preferences areto other early keyboard composers.
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I. METHODOLOGY 31-k 31

D(nln2)= d((i +1)wil,
There are four basic steps to find the most consonant ( ) iZO j;k (« )

tuning for a pieceglor collection of piecesof music. These

are- (j+1)w2,0.75,0.75), 4

(1) Specify the timbre(spectrum of each sound. wherek=1 to exclude unisons, which cannot be produced on

(2) Find (or counj the number of occurrences of each inter-2 Single manual harpsichord. This parameterization of the
val class, and weight by their duration. Plomp and Levelt psychoacoustic data was presented in

(3 Choose an initial “guess” for the optimization algo- Sethares,where typical forms of the functiorei ) and DX )
rithm. are shown. The total dissonan€ED) of a musical passage

(4) Implement a gradient descefdr other local optimiza- ©f M notes is defined to be the sum of the dissonances
tion algorithm) to find the nearest “least dissonant” set weighted by the duration over which the intervals overlap in

of intervals. time, thus

The bulk of this section describes these four steps in mlom

detail. Since the Scarlatti sonatas were composed mostly for TD= .21 j:iEH D(i,jp)td,j), ()
harpsichord, a spectrum was chosen that approximates an
idealized harpsichord string. The tone was assumed to conwvheret(i,j) is the total time during which noteis and j

tain 32 harmonic partials at frequencies sound simultaneously. Sinakis always positive, D) and
TD are always positive as well. Although the amplitude of a
(w,2w,3w,...,32v), (1) single held note of a harpsichord decreases with time, it in-

_ ) ~creases significantly each time a succeeding note is played
wherew is the fundamental. The amplitude of the partialsqye to coupling via their shared soundboard. Given the high
was assumed to decrease by a factor of GZ5 dB) per  npote rates in the sonatas, the rectangular sound intensity dis-

in these parameters. The low strings of some have manygke.

more than 32 discernable partials, decreasing by a factor as \we define a “tuning” to be a set of 11 distinct intervals

high as 0.9, while the high strings of others display as few agetween 1:1 and 2:1. Then the TD for a musical composition
8 partials. The amplitudes of partials also have periodicitiegjiffers depending on the tuning chosen since the different
arising from the position at which the string is plucked, jntervals have different values of D). By choosing the
which varies Wldely, and room acoustics of the time aISOtuning prope”y’ the total dissonance of the passage can be
vary. We consider that the spectrum chosen is a reasonabiginimized, or equivalently, the consonance can be maxi-
approximation to the sounds of the harpsichords on whichnized. Thus the problem of choosing the tuning that maxi-
Scarlatti most likely played, in the portion of their range in mizes consonance can be stated as an optimization problem:
which a musician is most sensitive to questions of tuning. minimize the “cost” (the TD of the compositionby choice
The Scarlatti recordings are in MIDI file form&tyhich  of the intervals that define the tuning. This optimization

is a widely accepted standard for encoding the finger motion§r0b|em can be solved using a variety of techniques; we
of a keyboard player as a function of time. These fingeichose a gradient descent method similar to that of Setfiares.
motions are then transformed by a “patch,” a representationygeed, the adaptive tuning method can be considered a spe-

of the sound produced by the instrument used for the recordsig| (instantaneoyscase of the present method, which main-
ing, to synthesize a performance similar to that heard in thezins a history of the piece via théi,j) terms.

recording studio. A program was written to parse these MIDI | et |, be the initial “tuning vector” containing a list of

files and to collate the required information about frequencythe intervals that define the tuning. @ocally) optimal I,
of occurrence of intervals and their duration in actual perfor¢an pe found by iterating

mance.
The dissonance between any two parti@isre tonesat _ dTD
frequenciesf1 andf2, with amplitudesvl andv2 can be leri=hem dl, ’ ©6)

calculated as
until convergence, wherg is a small positive step size and

d(f1f2p1p2)=vlv2(e” ¥*—e "), (20 ks the iteration counter. The algorithm is said to have con-
verged whem\TD/Al, is positive for allAl,=*0.025 cents.
where (0.025 cents is the default pitch resolution of systems meet-
ing the general Midi specificationD( ) is a symmetric ma-
x=0.24f1—-12[/[0.021 mir{f1,f2)+19], trix with dimension equal to the number of notes of Scarlat-
ti's harpsichords(up to 60, but since all tunings use pure
a=3.5, andb=5.75. (3)  octaves, the D) map into tuning vectork, andl, of exactly

11 elements. Calculation is straightforward, although rather

The dissonance D) of a pair of notesnl andn2 with tedious. In most cases, the algorithm was initialized at the
fundamentalswl andw?2 is obtained by summing all the 12-tone equal tempered scale, that lig,was a vector in

dissonances of all the partials to give which all adjacent intervals are equal to the twelfth root of 2,
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TABLE |. Total dissonances relative to 12 tet for various tunings.

Historical tunings: TD s Cents(C=0)
12 tet 0 0 100.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000.0 1100.0
Bethisy -04 41 86.8 1932 2889 386.3 496.3 586.6 696.6 787.0 889.7 992.6 1086.5
Rameau b -05 71 925 193.2 304.8 386.3 5034 5822 696.6 800.0 889.7 1006.8 1082.9
Werckmeister 5 -06 26 96.1 2039 300.0 396.1 5039 600.0 702.0 792.2 900.0 1002.0 1098.0
d’Alembert -08 41 86.8 1932 290.2 386.3 496.7 586.6 696.6 787.0 889.7 993.5 1086.5
Barca —-1.0 24 922 196.7 296.1 393.5 498.0 590.2 6984 7941 895.1 996.1 1091.9
Marpourg -13 6.1 843 1932 2938 386.3 5034 5795 696.6 789.1 889.7 998.6 1082.9
Werckmeister 4 14 52 82.4 196.1 294.1 392.2 498.0 588.3 694.1 7844 890.2 1003.9 1086.3
Vallotti -16 29 90.2 196.1 2941 3922 498.0 5883 698.0 7922 8941 996.1 1090.2
Barca A -1.7 24 922 200.3 296.1 397.1 498.0 593.8 702.0 794.1 898.7 998.0 1095.4
Werckmeister 3 -19 31 90.2 1922 2941 390.2 498.0 5883 696.1 7922 888.3 996.1 1092.2
Kirnberger 3 -19 34 90.2 1932 2941 386.3 498.0 590.2 696.6 792.2 889.7 996.1 1088.3
Corrette —-2.2 6.8 76.0 193.2 288.8 386.3 5034 5795 696.6 7834 889.7 996.1 1082.9
Vallotti A -25 29 90.2 200.0 294.1 396.1 498.0 592.2 702.0 792.2 898.0 996.1 1094.1
Chaumont -33 7.7 76.0 193.2 288.8 386.3 5034 5795 696.6 7726 889.7 996.1 1082.9
Rameau # -40 71 76.0 1932 2856 386.3 4979 5795 696.6 7754 889.7 993.2 1082.9
1/4 comma A —-5.8 10.3 76.1 193.2 310.3 386.3 5034 5795 696.6 772.6 889.7 1006.8 1082.9
Kirnberger 2 -6.0 45 90.2 2039 2941 386.3 498.0 590.2 7020 7922 8951 996.1 1088.1

derived tunings:
TDE -16 22 98.0 200.0 302.0 402.1 5055 6053 698.1 800.0 900.2 10039 1104.1
TDA1 —-23 46 856 1934 2914 386.3 498.0 584.8 696.8 7875 8887 9949 1086.5
TDA2 —-71 56 878 200.1 2941 386.3 498.0 586.4 698.2 789.7 8844 996.1 1084.5
K828 LS.27 86.3 1924 289.7 3852 4958 5858 6958 7859 8889 993.0 1086.2

Minimum-TD tunings of individual sonatas:
K1 L366 853 197.1 - 401.0 512.7 5834 695.1 787.3 899.0 1010.7 1102.9
K6 L479 111.7 2039 3156 386.3 498.0 582 702.0 813.7 8844 996.1 1088.3
K11 L352 203.9 315.7 3846 498.0 5832 7020 813.7 9058 1017.6 1088.3
K20 L375 104.8 216.5 287.2 3989 5176 6028 714.6 7852 897.0 989.1 1100.9

defined as 100 cents, about 1.059. In all cases in this papeFhe contrast between dissonance and consonance, sometimes

C is defined as O cents. useful musically, is not dealt with by the consonance
A tuning for which a desired compositidor collection  method, but it is also not dealt with by that of Barrtes.

of compositiong has smaller TD is to be preferred as far as

consonance is coqcer.ned. In the context of attemptmg tﬂ' RESULTS AND DISCUSSIONS

draw historical implications, the measure of TD may provide

reason for rejecting tuning€hose which are overly disso- Since harpsichord§n contrast with organswere tuned

nany or reconsidering tuning&hose with near-optimal val- very frequently, usually by the performer, one assumes that

ues of TD. As we shall argue, such judgments cannot yet becomposers might have changed their preferred tuning over

made mechanically, but must still be tempered with musicathe course of their lifetime, or used more than one type of

insight. The variation in values of the TD for different tun- tuning depending upon the music to be played. In fact, both

ings are quite small, less than 1%. between musically usefudf these are well documented in the case of Rameau. So, we

tunings, and are therefore expressed in parts per thousamegan the analysis by initializing the tuning vectgrto the

(%o) difference from 12-tone equal-temper@®-te) tuning. intervals of 12-tet, and found the optimum tunirgs those

A difference of 1%. is clearly audible to a trained musical that minimize the TD for each of the 536 harpsichord sonatas

ear in typical musical contextgé-or this reason, a numerical individually, in the hope of discerning any such changes. A

precision of nine decimal places or greater is advisable fofew example results are included in TabléThroughout K

the calculations of TD. numbers are those of the chronological Kirkpatrick
Music of course does not consist solely of consonancesatalogué, L numbers those of the widely available Longo

Baroque music is full of trills and similar features which edition) A histogram of all the tunings thus obtained is

involve overlapped seconds in real performance, and Scashown in Fig. 1. In this graph, the height of a bar shows for

latti made heavy use of solidly overlapped seconds, delibethow many sonatas the optimum tuning contained a note of

ate dissonances, as a rhythmic device. We therefore omittatie pitch shown. As can be seen, for most of the 11 pitches,

all intervals smaller than 3 semitones from the calculationghere were two strong preferences. Below the frequency bars

of the TD, that is we useld=3 in (4). Thus, the consonance is shown the location of the pure fifth{8:2, 701.955 cenjs

of large intervals occurring during periods of small-interval ascending and descending from C, e.g., 701n99%d 1200

dissonance were still counted. We note that this had surprider n=—11 to +11, the well-known enharmonic pitches.

ingly little effect on the values of the convergent tunings; theThe minimization process for samples as small as one sonata

precaution is probably unnecessary with other composershus for the most part “locks on” to the predominate non-
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FIG. 1. Showing the relative distribution of optim@D minimized tunings for each of the sonatas individually in relation to the Pythagorean cycle of pure
fifths.

unison minimum in D), that at pure fifth<. This effect con-  between & and Gt, precisely the medieval 1/4-comma tun-
tinued to dominate even when groups of up to ten sonataisgs in the keys of A and D. There is another broader mini-
were evaluated. Although Baroque harpsichordists wouldnum with fifths 1.8 cents larger than 12 tet, which is close to
have refined the tuning of their instruments before performthe ancient Pythagorean tuning with pure fifths. The general
ing suites of pieces using a consistent tonality set, just ashape of the meantone TD of the entire keyboard oeuvre of
harpsichordists do today, it is quite impractical to completelyScarlatti is therefore in accord with historical musical prac-
retune an instrument every 10 mithe length of a typical tice.
sonata pair with repeats and variations Many historical harpsichord tunings have been quanti-
The primary formal structure of almost all of the sonatasfied by Asselin the tunings used in this study are shown in
follows two symmetries: tonalities are mirrored about a cen-Table I. Since the harpsichord scale has 11 degrees of free-
tral double bar, and thematic material repeats after the doublgom, it is desirable to characterize each tuning by a smaller
bar (although not always in exactly the same opddfor  number of musically useful parameters in order to clarify the
example, K1 begins in D minor, progresses to A major at theesults of the analysis. We have chosen for this purpose the
double bar 14, and ends in D minor bar 31; thematically, bamean absolute difference between the various tunings and 12
1 matches bar 14; 2-5, 22-25; 7, 17; 9, 18; 13, 31. On¢et as a strength parametgri.e.,
expects that Scarlatti’s tunifg) would have complemented
and been consistent with these symmetries. Many of the s(t)=|c(k,e)—c(k,t)], (7)
ingle-son nings foun hi imization meth r
iotg Ie:c?r0 ei?nfgle, %er u9 ir?g t18sirc1) plt<l a?é Osymritetcr)i?:aelll)?Wherec(k’e) is the pitch in cents of nptk from note 1 of
designed to strongly establish the tonalities D minor and I'—the 12-tet scaleg(k,t) the corresponding pitch of tuning
major, respectively, but the pure D-A 5th on which bar 9 isand
based is inconsistent with the F-C 5th of bar 18, a very
audible 15 cents smaller than pure in this tuning. By com-
parison, these intervals differ by only 4 cents in the Vallotti
A tuning. Using optimized tunings to retune sections of mu-
sic of sonata length does not, therefore, seem to be a reliable
guide to the practice of Domenico Scarlatti, nor to be useful
in detecting changes in tuning preferences over his oeuvre. g
We then evaluated the relative TD of a number of tun- %
ings that are documented in the musical literature of Scarlat-
ti's time. Meantone tuning, in which all fifths are equal ex-
cepting one “wolf” fifth G#-Eb, was the commonest tuning
at the close of the Middle Ages. It was considered to be in
the key of D, and was modified steadily towards equal tem-
pering by increasing the size of the equal fifths as time pro-
gressed. However, since only one note needs to be retuned in
order to transpose any meantone tuning into the tuning for an
adjacent fifth(e.g., to add or subtract one sharp or flat from
the key signatune many performers did so to improve the
sound of their favourite keys. The “consonancéiegative
of TD, so that the minima are visible as pepkalative to 12
tet for the set of all the Scarlatti sonatas is shown in Fig. 2
V_ersus the S,ize of the eq,u,al fifths and th? po,Sition of the wol IG. 2. Showing the relation between consonafite negative of TD
fifth. There is a sharp minimum of TD with fifths 3.42 cents re|ative o 12 tet, size of equal fifths in a meantone-type tuning and position
less than 12-tet when the wolf is betwee Bnd Bb or of the unequal “wolf” fifth, for all the sonatas as one unit.

2OURUOSUOD

10MO0]
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Barca A - TDAL

- J R
Vallotti A \ French tunings

and particularly by Scarlatti in the sonatas, is a gradual in-
crease of musical tension culminating in a musical steady
state(stasi$ or a release of tensiofresolution. Increasing
pitch, volume, rapidity, harmonic density, and harmonic dis-
sonance are techniques of increasing musical tension. A
skilled composer will use these various techniques in a mu-
tually supporting way, in consistent patterns. If, therefore,
use of a particular tuning enhances the ebb and flow of mu-

Italian & German tunings . . . .
1 % \ ® Rameau # sical tension, it may be the tuning that the composer used to

hear music. Since only a small proportion of potential inter-
vals can be simultaneously in perfect tune in one tuning, it is
_ likely that an erroneous tuning at least occasionally results in
o/ maz a glaring mismatch of musical shape.

R The TD predictions fail badly with the tuning 2 of Kirn-
berger when this tension structure is taken into account; the
consonances in this tuning generally fall in Scarlatti's rela-
tively long tonal transition passages and all too frequently
FIG. 3. Showing the total dissonan¢€D) relative to the equal-tempered come to aerpt halts with ,unaCCEptably dlsson.ant stgses. For
tuning (12 te of all the sonatas as one unit versus the mean absolut€Xample, sonata K1 begins the second section with an A
deviation from 12 tet for some tunings of Table I. major triad ascent to an E in the treble, then repeats the
figure in the bass under the sustained E. With Kirnberger 2,
A-E is almost 11 cents smaller than pure, one of the most

c(k,e)=c(k,t) (8)  dissonant 5ths in the tuning. In both the Vallotti A and
to remove the pitch scale dependence of the dissonance funid/Alembert tunings, by comparison, A-E is a bit less than 1/4
tion d. Historically, the value ofs(t) has decreased with comma smaller than pure, precisely right for an interim
time, from 10 cents for the medieval 1/4-comma meanton@ause in the overall upward passage of which the A to E
tuning to essentially zero for modern piano tunings. In genPhrase forms a part. Beside frequently failing the tension-
eral, a low value of is associated with tunings that work in topology criterion, and the symmetry criteria discussed ear-
a wide variety of keys, a high value with tunings placinglier, the 1/4-comma meantone tuning too often produces
many restrictions on modulation. phrases that stay consistently out of tune for too long at a
The values of the TO(5) for the recorded sonatas for time for the ear(although obviously not long enough to af-
these tunings are shown by solid circles in Fig. 3 versus théct the TD sufficiently, for example, the chromatic pas-
strength of the tuning7). If a series of meantone-type tun- sages in bars 10-14 and 35-38 of K3 L378. In fact, these
ings in A is constructed, with the size of the equal fifths bars together with their symmetric pair 58—63 and 84-87
decreasing from 12 tdtL00 centy to 96 cents, the locus of cannot be played in consistent tune with any placement of a
TD ands is the solid line shown(lt is the same curve as that 1/4-comma tuning wolf fifth.
for the wolf between E and Bb in Fig. 2) In Fig. 3, a However, although the tonal colours of Rameau are
decrease of both the TD arsishould be an improvement clearly in evidence to the modern ear, so are the conso-
both in consonance and in modulatability. A decrease in th&@ances, which fall in the right places, and the tuning is par-
TD associated with an increase snwill however involve a  ticularly evocative in many of Scarlatti’s slow plaintive me-
choice based on musical context, since any improvement itodic passage§K11, for example¢. The smooth matches of
consonance may be offset by a reduction in the range of keythe Vallotti A tonal structure with those implicit in the music
in which the consonance will be useful. are very consistent, if unremarkable. The French tunings do
In general, French tunings sought to purify the sound ofindeed mostly have problems with dissonances in many
major thirds, whereas Italian and German tunings were morplaces(the chromatic passages of K3, for exampldow-
closely derived from the fifth-based meantone. The twoever, the tuning of d’Alembert, despite its height on the
schools may be separated by the dotted line in Fig. 3; agaigraph, is a good overall musical match to the music, al-
the TD is in accordance with historical knowledge. Both Ital-though few of its consonances seem really pure using the
ian tunings in A show superior consonance to those in D, anglalues of Asselin.
Rameau’s “sharp” tuning has greater consonance than that To quantify these judgments a bit better, a sample of
in Bb. (Modulated versions of any tuning have the samel0% of the sonata&very tenth was used for a comparative
strengths.) The expectation from this figure is that Kirn- listening test with the most promising tunings. The question
berger 2 should be by far the best tuning for the sonatas, withsked for each of the 50 sonatas in the sample was: given
meantone(1/4 comma second except perhaps in some re-that the tuning in question was the normal tuning colour of
mote tonalities due to its strength. Next should be the sharghe culture, would a good composer have written this way for
tuning of Rameauagain with possible difficulties in some it? Since these tunings are rooted in history and, as a soloist,
tonalities, followed by Vallotti A, then Barca A. Unfortu- Scarlatti was free to tune his own instrument and to control
nately, other factors intervene. his own sounds, this form of question is, we submit, appro-
A primary phrase pattern widely used in Western music priate to the purpose of this papé€©ne would expect quite

Vo

Total Dissonance, %o from 12 tet

Kimb:rger 2 I Vs comma

T * T
0 5 10

mean absolute deviation from 12 tet, cents
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TABLE Il. Aural ranking of some tuningssee text for detai)s important ones unacceptably dissonéot example, the re-
peated high D-A fifths of K1, 17 cents f)atA selection of

Barca A 50 . . ) .
VZLZ?U A 26 the tunings alon.gl this path were listened to, anq the. musi-
TDA1 44 cally most promising on€TDA1) chosen for a full listening
Werckmeister 3 39 test. It is an excellent tuning for the oeuvre. In fact, when all
Rameau # 34 the 536 recorded sonatas were subjected to the criteria used
Kirnberger 2 15 for Table Il with it, not a single sonata was ratedL, and
Meantone A <0

only about 5% rated a O.
Furthermore, if this small-step optimization from the

different answers from musically naive listeners of the time & Alémbert tuning is applied individually to the few sonatas

or of today, as well as from modern musicians unsteeped i@/here_ th? TDAL tuning has residual difﬁculties, a similar
barogue culture.A single really unmusical dissonance, or ehavior is observed. At first, the sound improves, and then,

serious mismatch between consonance shape and phra‘@gh further iteration, the tuning becomes “overspecial-

shape rated a minus 1, more than a few awkward-soundin! ed.” For example, _the 5ths ending many.phrases .Of K328,
phrases rated a zero, while sonatas encountering no signi -r']t(:\ t:g:fcz;ds closing e%Ch .h?]”’ ?[f a ?:t more tdlstcl:ordant
cant difficulties received-1. 12 tet is, of course, degenerate wi an one would wish, although consistently so.

with respect to this question, and tunings that approach i,tAppIying the small-step refinement procedure for just this
would. in the limit. have a s’core of 50. Thus. a “mild” sonata produces the tuning included in Table |—the 5ths and

tuning will automatically receive a higher score than a strond® h?rdhs aII_|mptrhove n Cé)n?(:r? ancetC(;thpared t(: TDdAl’ Wllt h-
tuning, which must be taken into account when comparin ut changing [he sound of the rest of the sonata adversely or

ratings. All the ratings were done by one pergd8 under changing the basic colour of the tuning. This is in accordance

consistent listening conditions. The results are shown iﬁ(,v'th h|stor|c:a}l practise, where a basic tuning would be
Table II. Although the rating is in the conventional form of a toucf_led up f(_)r a while to play a group of pieces .that
hypothesis to be disproven, it has a second interpretation—ber_wf't(ad from it(as opposed to the m|n|mum-TD.tun|ngs
the fact that a tuning as strong as that of Rameau encounteY@'Ch vary too mych bgtween sonatas t.o pe praOtlca! .

so few difficulties must be considered as evidence on its own We also applied this small-step optimization beginning

that Scarlatti had French tunings in mind as he composecw'(;h _gthelr tunl?gs,Ttr(]) the ?tett_of alltfonat%s anddto _i]otmhe
Original artists like Scarlatti often bend conventional notions!N91Vidual sonatas. Ihe quafitalive pattern observed wi ©

to their limit, so the most likely tunings are not those with ad Alembert wning—that the overall musical quality of the

perfect score, but rather the strongest ones that still haviMng first improved, and then declined as the TD ap-

good scores. This suggests that the tuning of d’AIembertpro.aChed its minimum—yvas also observe(_j Wit.h most other
descended from the earlier tuning of Rameau, is a very likel unings. However, none improved to anything like the same

historically documented candidate for the tuning that Scar_extgnt nor with the same consistency as did the d'Alembert
latti used as he composed his music. We note that this igning.
unexpected based upon historical evidence.

The historical instructions for some tunings are uncerlll. CONCLUSIONS
tain, even deliberately ambiguous, so modern numeric recon- |y symmary, the total dissonance of a large volume of
structions may be slightly in error. This is almost certainly mysic is a useful tool for studies of 12-tone keyboard instru-
the case for the tuning of d’Alembert, which was describednent tuning in a historical musical context, although it is
and redescribed in remarkably varied terms by several aynsyfficient by itself. Its use provides significant evidence
thors(e.g., Bethisy of the time. We again applied the gradi- that Domenico Scarlatti used the French tunings of his period
ent algorithm with several cost functions to successively réguring the period of composition of his sonatas. Use of total
duce the TD in small steps for the set of all the sonatasgjssonance to optimize a 12-tone tuning for a historical body
beginning with this tuninglinstead of initializing with 12 of mysic can produce musically valuable results, but must at
tet), with the hope that this might correct minor errors '”ﬁresent be tempered with musical judgment, in particular to

what is basically a good tuning. We found that the routes olyrevent overspecialization of the intervals.
the optimizations as well as the final points were affecte
very little by step size below 0.5 cent, and also affected little | .
. . J. Barnes, “Bach’s keyboard temperament; Internal evidence from the
by thg number of harmonics in the timbre above 8, so com- Well-Tempered Clavier,” Early Musid, 236—249(1979.
putation time was reasonabla weekend on a PC for the 2w, A. Sethares, “Local consonance and the relationship between tuning
longesj. Two routes the algorithm took are shown by dashed and timbre,” J. Acoust. Soc. AnB4, 1218-12281993. N
lines in Fig. 3. The longestright) curve shows the route °R. df;]'ome Aa”d V:’SJ M'ALeS‘ge'g 4;T°5rg%'(fgg;°”a”ce and critical band-
L . width,” J. Acoust. Soc. Am238, — .
when the only criteria for the change lirwas lower TD, the  47y,¢ files are currently available on the Internet at ftp://ftp.cs.ruu.nl/pub/
shortest(left) when| was optimized for lowes and lower MIDI/SONGS/CLASSICAL/SCARLATTI/.
TD simultaneously. The first minimization proceeded well SX/- A%Sitga;%?l;ggaptive tunings for musical scales,” J. Acoust. Soc.
; : : m. 96, 10— .
beyo.nd the begt-squndmg point along the path, en_dlng up aJR. Kirkpatrick, Domenico Scarlatt{Princeton U.P., Princeton, NJ, 1953
a tuning(TDA2 in Fig. 3 that made the commonest intervals 7see Fig. 3 in Sethareef. 2. )
perfectly consonant but far too many lesser-used musicall\?P-Y. Asselin,Musique et tempament(Editions Costallat, Paris, 1985
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