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ABSTRACT: On the basis of assumptions and conclusions ﬁrst advanced in 1968 concerning tuning
instructions that were originally wri en down ca. 1800 BCE, Assyriologists have agreed that
Mesopotamian tuning was diatonic. Nonetheless, Sam Mirelman (2013) has recently suggested that
this consensus view is “uncomfortably familiar and Eurocentric.” As a follow-up to Mirelman’s
misgiving, the present report begins by identifying ﬂaws in the reasoning concerning
Mesopotamian tuning that was disseminated more than half a century ago and have remained
uncontested. The starting point of the present study is information directly recorded in
Mesopotamian documents, as opposed to concepts dating from Greek Antiquity and beyond. This
information includes the spatial ordering of strings and the relative fundamental frequencies of two
pairs of strings on the sammû, a harp or lyre that is explicitly identiﬁed in cuneiform tablets, as well
as the tuning instructions’ recursive and symmetrical pa erning of prescriptions concerning the
alterations of this instrument’s strings. At each step, this pa erning involves loosening or tightening
a string that is three or four strings away from the string that had just been tightened or loosened.
Added to these observations are acoustical features of the harmonics produced by plucked strings,
and the auditory roughness and smoothness produced by pairs of plucked strings that
psychoacoustical studies have established as universally audible. On these bases, one can conclude
that Mesopotamian tuning can be interpreted as diatonic in structure without assuming such
notions as octave identity, scale degrees, and consonance, all concepts for which there is no known
testimony until much later in the history of music theory.
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[1] As David Creese has reported, there is no direct evidence that the monochord existed prior to
the Annals of Duris or the Sectio Canonis, both of which seem to have been written no earlier than
ca. 300 BCE (2010, 97–103, 132–34). For an understanding of Mesopotamian tuning, which is
documented ca. 1800 BCE, i.e., long before the Hellenic era, this absence of evidence poses
potential difficulties. To be sure, Creese suggests that the small whole-number ratios of later

monochord theory might have been realized somewhat earlier than 300 BCE by measurements
applied to the manufacture of metal discs or panpipes (syringes) in Ancient Greece (2010, 93–97).
However, as there is no evidence of such devices for tuning in Mesopotamia 1500 years earlier, the
present study focuses on the possibility that Mesopotamian tuning was realized entirely by ear;
specifically, by careful attention to the sounds of pairs of strings plucked simultaneously. In doing
so, this account addresses an important misgiving recently raised by Sam Mirelman.
[2] Since a seminal study by David Wulstan (1968), the consensus view of Mesopotamian tuning
has been that it was diatonic, comprising seven scale degrees, among which all but one of the 4ths
and 5ths were perfect and the remaining 4th or 5th was, respectively, augmented or diminished.
Indeed, this formulation has entered unchallenged into general accounts of music history for nonspecialist readers (e.g., Taruskin 2010). However, as Mirelman has remarked, “We cannot be sure
that such an interpretation is correct. Indeed, it seems uncomfortably familiar and Eurocentric”
(2013, 54). In this regard, Wulstan approached original sources of Mesopotamian tuning from the
vantage-point of Greek theory post-300 BCE.
The following account proceeds in several sections:
A. A critical analysis of flaws in Wulstan’s original formulation that previous studies have not yet addressed;
B. Formulation of a mathematical structure implicit in the only Mesopotamian sources that treat tuning in
detail and that hinge on a single contrast between kinds of sounds produced by pairs of plucked strings;
C. An acoustical and psychoacoustical interpretation of this contrast and its semantic counterparts in
Mesopotamian writings and findings of more recent experimental and ethnological research;
D. Constraints on the mathematical structure of section B that Mesopotamian sources directly imply
concerning the fundamental frequencies produced in the course of tuning;
E. Consequences of all the possible ways in which the interpretation of section C might be combined with the
constraints of section D, leading to a single conclusion concerning Mesopotamian tuning; and
F. A discussion summarizing the main bases of the reasoning in sections B to E and the possible relevance of
the present study for understanding parallels between Mesopotamian tuning and tuning in Greek
Antiquity.

A. Wulstan’s Interpretation of Mesopotamian Tuning
[3] At one point, Wulstan said, albeit somewhat noncommittally, “We may perhaps again make the
assumption that there was a close correspondence between the Greek and Babylonian systems, at
least as a working hypothesis” [emphases added] (1968, 218). Less vaguely, Wulstan also claimed,
citing Plutarch’s [De Animae Procreatione] In Timeo, “It can also be assumed that the consonances
of the fourth and fifth, together with the octave, were recognized in the Near East” [again,
emphasis added] (1968, 217). Unfortunately for Wulstan’s assumption concerning Plutarch, the
passage from In Timeo actually relates only that Pythagoras studied with “Zaratas,” i.e., Zoroaster
(Goodwin 1874, 327–28). Understood narrowly, Plutarch’s comment is problematic both in general,
as the period in which Zoroaster flourished has not yet been established (West 2013, 89–105), and in
particular, as nothing is known directly of Zoroaster’s putative involvement with Pythagoras or
with consonant fourths, fifths, and octaves.
[4] Understood more broadly as supporting a claim that Pythagoras brought to Greek civilization a
formulation of consonant fourths, fifths, and octaves he had encountered in Persia or Mesopotamia,
Wulstan’s citation of Plutarch is additionally problematic. No musical writings by Pythagoras or
contemporary with Pythagoras are known, and Plutarch, a philosophical advocate of neoPythagoreanism and associated Orientalizing lore, lived more than five centuries after Pythagoras
(Karamanolis 2020; Huffman 2019). Even more broadly, Zoroastrians, rather than Zoroaster, and
Pythagoreans, rather than Pythagoras, might have come into close contact concerning tuning
theory, e.g., as a result of Alexander the Great’s campaign against Persia (334–27 BCE) or as a
consequence of the Greco-Persian Wars (fifth century BCE). However, such an historical
relationship would require actual evidence in order for one to conclude that “the consonances of
the fourth and fifth, together with the octave, were recognised in the Near East” without arguing

proleptically backward from Ancient Greek tuning to a formulation of Mesopotamian tuning
almost two millennia earlier (Wulstan 1968, 217).
[5] As a further basis for “at least a working hypothesis,” if not an assumption, that there was “a
close correspondence between the Greek and Babylonian systems,” Wulstan referred to “trumpettype and other instruments having notes of the ‘harmonic series’” (217–18) as evidence that the
consonant third and sixth were recognized in the Near East. To be sure, the page Wulstan cited in
Lavignac and de la Laurencie’s 1913 Encyclopédie (vol. 1, p. 41) reproduces part of a drawing
published by Austen Henry Layard (1849–53, pl. 15; Rawlinson 1871, 538–39) that was based on an
Assyrian relief from the seventh century BCE. However, the relevance of the trumpet-shaped detail
depicted in the relief to tuning instructions for a stringed instrument written more than a thousand
years earlier is far from obvious.
[6] In general, very little is known about trumpets in Mesopotamia. This very rare instance of a
long trumpet from Mesopotamia was probably used in signalling for the workers shown in
Layard’s image. There are also a couple of Early Dynastic (mid-third millennium BCE) instances of
images that probably depict some form of trumpet or horn (see, e.g., the entry “Trompete” in
Eberling et al. 2018, 144–46). In any event, the narrow straight shape of Layard’s drawing
corresponds to the Egyptian trumpets found in Tut’ankhamūn’s tomb (ca. 1323 BCE) and the
subject of a famous BBC radio broadcast in 1939 (James [1939] 2010 [1939] 2010). Although such
instruments might have had Mesopotamian counterparts four centuries earlier, organological
analysis of the single playable instrument from Ancient Egypt (Montagu 1978 and 2017) has
concluded that it would be unlikely for one to produce more than three pitches. Furthermore, such
instruments enter Wulstan’s account only in his argument concerning 3rds and 6ths, which was
based “on the assumption that the Babylonian scale was similar to that of the Greater Perfect
(Changeless) System of Ptolemy” [emphasis added] (Wulstan 1968, 218–20), whose Harmonics
(2nd century CE) was based in turn on the monochord. In short, Wulstan concluded that such
intervals would not realize a Pythagorean cycle of perfect 4ths and 5ths, which he regarded as
implicit in the Mesopotamian tuning instructions.
[7] Wulstan closed his discussion of particular intervals with the claim that “as opposed to seconds
and tritones, [the 3rds and 6ths and the perfect 4ths and perfect 5ths of later tuning] can be tuned
accurately by ear” (1968, 218). In contrast to Wulstan’s claim concerning intervals that can be tuned
accurately by ear, lyres and harps of Ganda court music in East Africa have been traditionally
tuned aurally to a “pen-equidistant” scale in which each step is close to one-fifth of a perfect
octave, i.e., approximately 1200
= 240 cents (Wachsmann 1950; Gray 1993). In addition, Rytis
5
Ambrazevičius has shown that a majority of scales in aurally transmitted tuning of traditional
Lithuanian fiddle music are closer to equiheptatonic tuning, where the size of each step is
approximately one-seventh of an octave (i.e., 1200
= ~171 cents), than to diatonic tuning (2017,
7

51). Ambrazevičius has reported similar results for traditional aurally transmitted polyphonic
singing of Lithuania where there is “a distinct equitonic structure of scale steps” (2014, 41). Further,
the present author (Rahn 2019) has shown that Burmese harp tunings, realized traditionally by ear,
have comprised “small” and “Large” steps arranged systematically with variants that are,
respectively, “tiny” and “medium,” and “Broad.” With regard to European-derived concert music,
vocalists and performers of stringed instruments have accurately tuned 2nds and tritones by ear
for centuries. Also, Wulstan’s notion of intervals “tuned accurately by ear” begs the question of
how one would distinguish between accurate and inaccurate tuning. In this regard, perceptual
experiments have long established that, at least for musicians trained in European-derived idioms,
perception is “categorical,” insofar as identifying out-of-tune-ness is least probable for intervals
whose fundamental-frequency ratios are close to “prototype” values. For instance, in terms of
Alexander Ellis’s unit for measuring the magnitude of any interval (Helmholtz 1885, 446–51), the
cent, i.e., one hundredth of a tempered semitone, the ideal value of a tempered major 3rd, i.e. four
tempered semitones, is 400 cents. In contrast, out-of-tune-ness is most probable near “border”
values, e.g., 350 and 450 cents (Aruffo et al. 2014, 187–88). In other words, probability and ranges of
values are involved rather than crisp, either-or distinctions.

[8] Notwithstanding Wulstan’s anachronistic reasoning, organologically dubious claim, and vague
generalization about interval perception, he touched on a less presumptuous basis for interpreting
the Mesopotamian tuning instructions, stating that the 3rds, 6ths, and perfect 4ths and 5ths of
subsequent European music “are the scientifically, and more important, aurally consonant
intervals” (1968, 218). On one hand, recent research has shown that important determinants of
“consonance” include “familiarity,” i.e., the extent to which certain intervals have been employed
in a particular socio-cultural setting (Eerola and Lahdelma 2021); such information has been
unavailable for Mesopotamian music. On the other hand, and especially because Wulstan did not
follow through carefully on his idea of scientific and aural aspects of tuning, the present report
includes an acoustical and psychoacoustical account of such pairs of tones with a view to
determining what Mesopotamian tuning sounded like. Most importantly, to avoid relying on
“uncomfortably familiar and Eurocentric” assumptions and arguments, this study shows that
certain mathematical, acoustical, and psychoacoustical aspects of tone-pairs that are not culturally
specific have counterparts in a distinction between pairs of tones that the Mesopotamian tuning
instructions identified as zakû and la-zakû. As this distinction played a decisive role within the
Mesopotamian tuning instructions’ mathematically coherent framework, the following discussion
focuses on the structure of this framework before proceeding to the distinction between zakû and
la-zakû.

B. The Modulo-7 Framework Implicit in the Tuning Instructions
[9] Rather than pitches or abstract pitch classes, Mesopotamian tuning was formulated concretely
in terms of strings. On being plucked, a string produces a harmonic spectrum, and among its
partials the first, lowest harmonic, i.e., the spectrum’s fundamental frequency, is heard as the
string’s pitch. Cuneiform tablets Nabnitu 32 (=U 3011=UET VII 126) and N. 4782, provide names
and locations for nine strings from the front to the back of a lyre or harp. (Whereas Mirelman and
Theo J. Krispijn [2009, 45] as well as Mirelman [2010, 49–51] have argued that the instrument,
termed “sammû” in Akkadian, was a lyre, the following discussion is agnostic on this point and
generally refers to the instrument merely as “the instrument.”) Example 1 gives numbers from 1 to
9 for these locations and names in the same order as the tablets’ nine lines.(1)
[10] Example 2 shows another cuneiform tablet.(2) CBS 10996 provides names for 14 pairs of strings
—termed “dichords” here, rather than “intervals” as in more recent music theory—and identifies
the two strings of each dichord by means of the first seven string-numbers specified in the lists of
Nabnitu 32 and N. 4782. Whereas each of the even-numbered dichords (i.e., the 2nd, 4th, . . . 14th)
spans three or six of the first seven strings (i.e., respectively, two or five “string-steps,” rather than
more recent music theory’s “steps”), each of the odd-numbered dichords (i.e., 1st, 3rd, . . . and
13th) spans four or five of the first seven strings (i.e., respectively, 3 or 4 “string-steps”) and are
central to the following account. It might seem that the ordering of the three- and four-string-step
dichords proceeds merely stepwise in ascending string numbers according to the first string that is
named in each dichord: 1, 2, 3, 4, 5, 6, and 7. However, the second string proceeds not merely in
ascending string-steps, but clearly within a modulo-7 framework: 5, 6, 7, 1, 2, 3, and 4. From
dichord to dichord, moreover, the successive strings of these pairs proceed four string-steps
upward, twice through a seven-fold cycle: 1, 5, 2, 6, 3, 7, 4, 1, 5, 2, 6, 3, 7, and 4.
[11] Two cuneiform tablets, British Museum U. 7/80 = UET VII 74(3) and UET VI/3 899(4) convey
prescriptions for turning any one of the seven tunings they identify by name into any of the other
six named tunings by altering one of the first seven strings. (Note that the present account refers to
“tunings” rather than to “scales” or “modes” of subsequent music theory.) In these tablets, there
are two sets of prescriptions, termed “chapters” by Oliver Gurney (1968, 230–231). In the first
chapter, strings are to be altered in the following order: 5, 1, 4, 7, 3, 6, and 2. In the second chapter,
strings are to be altered in the opposite order as follows: 2, 6, 3, 7, 4, 1, and 5. Example 3 displays lazakû dichords in seven named tunings. To be sure, not all of the prescriptions for these string
alterations have survived, for UET VII 74 and UET VI/3 899, like many other Mesopotamian
sources, are broken clay tablets. Nonetheless, what remains of the tuning prescriptions is patterned
recursively and symmetrically. It is not merely a matter of altering the strings in the order just
described. More precisely, a string is to be altered in the first chapter only if it is the higher-

numbered string of a four-string dichord (e.g., string 6 of dichord 3&6) or the lower-numbered
string of a five-string dichord (e.g., string 2 of dichord 6&2). A string is to be altered in the second
chapter only if it is the higher-numbered string of a four-string dichord (e.g., string 6 of dichord
2&6) or the lower-numbered string of a 4-string dichord (e.g., string 2 of dichord 2&5). Of further
significance, the photographs provided by Richard Dumbrill (2010, 110) and Mirelman (2013, 47)
reveal there would originally have been room at the top of UET VII 74 (Dumbrill 2010, 110) for the
instructions that Mirelman and Krispijn (2009, 44) have supplied in their reconstruction of the first
chapter; similarly with regard to the second chapter, for which there would have been sufficient
room at the bottom of both UET VII 74 and UET VI/3 899. A last critical detail to note is the order in
which strings are altered in one chapter is the opposite in the other chapter. As a result, the
ordering is recursive within the chapters and symmetrical between them: a mirror-like
arrangement with reflection occurring at the alterations of strings 2 and 5.
[12] Successive strings in these orderings differ by three or four strings: e.g., 5 − 1 = 4 ;
4 − 1 = 3 ; 7 − 4 = 3 ; etc. In terms of a modulo-7 “clock,” as diagrammed by the acute, “great,”
“star” heptagram or {7/3} polygon (Coxeter 1969, 36–38) inscribed on CBS 1766; the differences
between the successive strings to be altered in the first chapter comprise three string-steps (see
Example 4).(5) In a clockwise direction, there are three string-steps from 5 to 1: 5 6 7 1. From 1 to 4
there are three string-steps (1 2 3 4), and so forth. In the opposite, counter-clockwise direction,
successively altered strings in the second chapter are also three string-steps apart: from 2 to 6 (2 1 7
6), from 6 to 3 (6 5 4 3), and so forth.
[13] In both the clockwise and counter-clockwise orderings, three string-steps comprise the shortest
distance between the successively altered strings. Accordingly, one can regard the pairs of
successively altered strings as Mesopotamian counterparts to what would be termed a congruence
class in modular arithmetic, or an undirected pitch interval in modern music theory—e.g., Rahn
1980, 29, and Straus 2016, 9—or in this instance, an undirected difference of three string-steps. On
one hand, the undirected difference between string 5 and string 1 is the same as the undirected
differences between strings 1 and 5, 1 and 4, 4 and 1, 2 and 5, 5 and 2, etc. On the other hand, the
directed difference from string 5 to string 1 is the same as the directed differences from 1 to 4, 2 to
5, etc., but not the same as the directed differences from 1 to 5, 4 to 1, 5 to 2, etc. In the initial
chapter of UET VII 74,(6) the string to be altered is always the 4th of the four strings that are
spanned in a clockwise three-string-step dichord that is identified as la-zakû: e.g., 5 of 2 3 4 5 in the
2&5 dichord, 1 of 5 6 7 1 in the 5&1 dichord, and so forth. In the second chapter, contents of which
have survived in both UET VII 74 and UET VI/3 899, the string to be altered is always the 1st: e.g., 2
of 2 3 4 5 in the 2&5 dichord, 5 of 5 6 7 1 in the 5&1 dichord, and so forth.
[14] The pattern of alterations and the named tunings to which they are applied imply that
alterations made in the first chapter are consistently undone in the second chapter. For example,
the first chapter’s prescription for turning embūbum tuning into kitmum tuning involves changing
string 6, and the second chapter’s prescription for turning kitmum tuning into embūbum tuning also
involves string 6. Similarly, string 2 is altered to turn kitmum tuning into išartum tuning in the first
chapter, and to turn išartum tuning into kitmum tuning in the second chapter, and so on for all the
other tunings in the two chapters. Accordingly, one can consider the alterations in the first chapter
to be the opposite of their counterparts in the second chapter. Insofar as only one of the first seven
strings is altered in each instance, one can conclude that an alteration in one of the chapters would
increase the string’s fundamental frequency, and the corresponding alteration in the other chapter
would decrease the string’s fundamental frequency.

7-Fold Cycles of Three-String-Step Dichords
[15] UET VII 74 and UET VI/3 899 frame their prescriptions solely in terms of changing individual
tunings among the seven named tunings into others of the seven. In this regard, an important
feature of each of the seven tunings is that, as shown in Example 3, above, these cuneiform sources
identify one, and only one, of its seven three-string-step dichords as la-zakû. As well, the
cumulative, recursive effect of the order in which UET VII 74 and UET VI/3 899 list their
prescriptions ensures that the remaining six three-string-step dichords in each tuning are zakû

(Rahn 2011, 208–13). As Hans Martin Kümmel (1970, 260–61) observed, an additional consequence
of the seven tunings’ structure is that each could be tuned “from scratch” by iterating six zakû
three-string-step dichords. For example, one could realize the tuning named išartum by means of
the following clockwise cycle of 6 zakû dichords:
5&1

1&4

4&7

7&3

3&6

6&2

Construed according to a clockwise ordering of strings, these three-string-step zakû dichords could
be iterated in the following, string-by-string manner:
5 6 7 1

1 2 3 4

4 5 6 7

7 1 2 3

3 4 5 6

6 7 1 2

Alternatively, išartum could be realized as follows:
2&6

6&3

3&7

7&4

4&1

1&5

which corresponds to the following, counter-clockwise ordering, string-by-string:
2 1 7 6

6 5 4 3

3 2 1 7

7 6 5 4

4 3 2 1

1 7 6 5

Whereas both orderings of zakû three-string-step dichords result in the initial tuning of both
chapters of UET VII 74 and UET VI/3 899, namely, išartum, išartum is not only the name of this
tuning. išartum is also the name of the 2&6 dichord (Example 2, above), which is the first of the six
zakû three-string-step dichords in the counter-clockwise generation of išartum as a named tuning.
The same holds for the name of each tuning and the name of the first dichord in its
counterclockwise generation.

7-Fold Cycles of Named Tunings
[16] As illustrated in Example 5, the seven tunings could, in principle, cycle endlessly within the
first chapter and endlessly within the second chapter.(7) Moreover, since the instrument is in
išartum tuning at the end of the initial chapter and at the beginning of the subsequent chapter, all
seven tunings could cycle endlessly through both chapters. A further consequence of the tuning
instructions’ provision of opposite changes in the two chapters would be that no two tunings
would have been farther apart than three re-tunings. For example, qablītum could be turned into
embūbum via išartum and kitmum in the second chapter rather than via nīš tuhrim, nīd(i) qablim, and
pītum in the first chapter. This aspect of the larger cycle that comprises both chapters could be of
practical consequence, for re-tuning a smaller number of strings would reduce the effect of altering
tension on the instrument’s individual strings. Especially in the case of a lyre, the resulting
economy of string adjustments might well have minimized changes to the instrument’s stability
(cf., e.g., concerning Ancient Greek lyres, Roberts 1981, 311 and Trosch 2015, 6–7).

C. Sounds Produced by Plucked Strings
[17] The modulo-7 framework discussed above is couched solely in terms of seven-named strings,
natural numbers assigned to the seven strings on the basis of their location on the instrument,
named pairs among these seven strings that span three counterclockwise string-steps, and two
adjectives, zakû and la-zakû, that characterize these three-string-step pairs. In the latter regard,
accounts of the tuning instructions have generally translated the Mesopotamian word “zakû” as
“clear”or, in German, “rein” (Kümmel 1970, 255–62), which in English can correspond to “clear,”
“pure” or “clean.” Each of these terms denotes a state of positive value, or “positive evaluation” in
Charles Osgood’s cross-cultural findings concerning the “semantic differential” (1964, 172–184;
Osgood et al. 1975). Further, each is matched in the translations by an opposite or complementary
state of negative valence: for la-zakû, “unclear,” “impure,” or “unrein.”
[18] Of particular relevance here is Mesopotamian usage, for which Yitzhaq Feder (2014, 93) has
reported the following contrasts between zakû and la-zakû in Akkadian writings: clear vs. cloudy or
polluted as in water or beer, refined and uniform in composition vs. adulterated as in metals, and
free vs. confined as of birds or persons. In each instance, the contrast between zakû and la-zakû
correspond to positive vs. negative valence. Moreover, contexts for zakû involve a process,

specifically one of clarification, refinement, or liberation, as opposed to a final result, as would
clarity, purity, and freedom. Most important, such a process would involve a single change (e.g.,
uncleansed to cleansed) rather than several successive changes (e.g., uncleansed to cleansed to
uncleansed to cleansed. . .).
[19] The tuning instructions employ the distinction between zakû and la-zakû in all (and only in)
instances when they prescribe altering one string of a particular three- or four-string-step la-zakû
dichord to change it into a zakû dichord and, as a consequence, one named tuning into another
named tuning. This process is conveyed in one of the following ways, which are effectively
equivalent:
If the instrument is in 3&7 tuning and the 6&3 dichord is la-zakû, you [alter] the 6th
string and the 6&3 dichord will become zakû.
If the instrument is in 6&3 tuning and you play a la-zakû 2&6 dichord, you [alter] the
6th string and the instrument is in 3&7 tuning (see Mirelman and Krispijn 2009, 45).
Specific kinds of alteration are discussed below.
[20] Clearly, altering a string would raise or lower its fundamental frequency. Two aspects of a
dichord would change if one of its strings’ fundamental frequencies was raised or lowered: the
magnitude of the interval the dichord produces, which would correspond acoustically to its
fundamental-frequency ratio, and its timbre or tone quality, which would correspond acoustically
to its spectrum. As no device for measuring fundamental frequencies or fundamental-frequency
ratios is known to have existed until more than a millennium later, it is quite plausible that timbre
would provide an alternative basis for understanding what “zakû” and “la-zakû” referred to. Rather
than a contrast between the magnitudes produced by a pair of strings, the difference between lazakû and zakû could have been understood primarily as an audible contrast between timbres
produced by a single pair of strings. More specifically, such a contrast could have depended on an
acoustical contrast between the spectra produced when a pair of strings was plucked
simultaneously more than once. Accordingly, the spectra that would be produced when a pair of
strings was plucked could serve to illuminate the tuning instructions.
[21] Concerning the instrument employed to realize the tuning instructions, several aspects are
unknown. These include the location on each string at which it was plucked, the direction and
force of plucking, and the resonance of the instrument’s soundbox. Also unknown are the lengths
of its strings as well as the mass of each string, its stiffness, and the amount of tension applied to it.
In contrast, each of the latter features is effectively uniform for the subsequent monochord, because
every tone was produced on a monochord by plucking a single string whose tones were resonated
by a soundbox of uniform dimensions, and lengths along the string were determined by careful
measurements.
[22] Despite such limitations, one can be quite certain of some general features of the sound each
string the Mesopotamian lyre or harp would produce. Acoustical research since Hermann von
Helmholtz’s seminal treatise (1877; 1885) has confirmed that a plucked string produces several
component waves, i.e., “partials” (Nave 2020), the frequencies of which are very close to wholenumber multiples, i.e., “upper harmonics,” of its 1st partial’s frequency, i.e., its “fundamental
frequency.” For example, a string whose fundamental frequency is 300 Hz, i.e., 300 cycles per
second (near middle D4), produces, as its 2nd, 3rd, 4th, etc. harmonics, frequencies of
approximately 2 ∗ 300 = 600 Hz , 3 ∗ 300 = 900 Hz , 4 ∗ 300 = 1200 Hz , and so forth.
Among these harmonics, the sound pressures or amplitudes of the first six tend to be greater than
those that have higher frequencies.(8) In contrast, partials having higher frequencies mostly
contribute to a tone’s “brightness” (CECM 2018). Accordingly, the tones employed in the audio
demonstrations below comprise six partials of the same amplitude, as in Roel Plomp and Willem
Levelt’s classic psychoacoustical study of pairs of simultaneous tones (1965, 556, Fig. 11). Audio
Example 1, which consists of eleven pairs of simultaneous tones, is linked to Example 6, which
comprises waveforms of the same eleven pairs of simultaneous tones, each of which contains six
“harmonic” partials.(9)

[23] In Example 6, each pair of simultaneous tones caricatures how the sound of a pair of plucked
strings changes, (i.e., its “envelope”), beginning with a sudden increase in perceived loudness that
corresponds acoustically to a fairly rapid increase in sound pressure. During the remaining
duration of each pair, perceived loudness decreases relatively slowly along with a decrease in total
sound pressure. A comparison of Audio Example 1 and Example 6’s waveforms illustrates these
changes in sound pressure. Listening to Example 1 while following along with Example 6 helps to
understand these changes in perceived loudness for each of the eleven pairs. From the first pair to
the eleventh pair, the lower tone remains the same in perceived pitch, which corresponds to it
having a single fundamental frequency. In contrast, the other tones in the eleven pairs are
successively higher in perceived pitch, corresponding to greater (i.e., faster) fundamental
frequencies. Along with the increase in the upper tone’s fundamental frequency, there is an
increase in the magnitude of the interval it forms with the lower tones. In this way, the tone-pairs
of Example 6 illustrate sounds that might have been heard in Mesopotamia when tuning a pair of
strings by plucking both simultaneously, gradually tightening one string to produce higher pitches
while not changing the tension on the other. In this regard, a key aspect of the earliest known
account of tuning in UET VII 74 and UET VI/3 899 is its repeated specification of altering one of the
two strings of an individual dichord.

Roughness
[24] From the first to the eleventh pair of simultaneous tones illustrated in Example 6, there is not
only a rise in the upper tones’ pitch and an increase in the magnitude of the intervals produced by
the pairs of tones; there are also changes in the tone-pairs’ perceived tone quality or timbre. These
changes correspond to a large-scale change from rougher to less rough timbre between the first and
sixth tone-pairs and a similarly large-scale change from less rough to rougher timbre between the
sixth and eleventh. For more than a century, the words “rough” and “roughness” have been the
usual English translations of the technical terms “rauh” and “Rauhigkeit” that Helmholtz (1877, 192–
93; 1885, 118–19) employed to describe this aspect of timbre. Perceiving such pairs of tones as more
and less rough corresponds to, respectively, faster and slower acoustical interaction between one or
more pairs of partials that comprise the sound waves of the two tones. Prominent within such
roughness are relatively slow periodic fluctuations in loudness in the tone-pairs immediately
before and after the 6th. These slow periodic fluctuations, which are discussed in the following
section on “slow undulations”, are of considerable importance to understanding what someone
playing a plucked-string instrument would have heard while tuning by ear in Mesopotamia, that
is, without the guidance of such a device as the monochord.
[25] Modern measurements of the acoustical interactions that result in various amounts of
perceived roughness have been based on several variables. These include 1) the absolute
frequencies of the partials comprising the two simultaneously heard tones, 2), the differences
between the frequencies of all the partials in the two tones within the limits of “critical bands” that
have been traced to features of the cochlea (Fletcher 1940; Zwicker 1961), and 3) the amount of
sound pressure in each of the tones’ partials (Plomp and Levelt 1965). Pantelis Vassilakis (2001, 26–
45) has introduced a fourth variable for roughness measurement by calculating not just the
absolute amounts of sound pressure in partials, but more precisely their relative amounts of sound
pressure, observing that pairs of partials having the same amount of sound pressure result, ceteris
paribus, in greater roughness than those having different amounts.
[26] Example 7 and Audio Example 2 provide an overview of how roughness changes in tone-pairs
the intervals of which range in magnitude from approximately a perfect prime (or unison) to
approximately a perfect octave.(10) As in Example 6 and Audio Example 1, above, the fundamental
frequency of one tone in each tone-pair is 300 Hz. Among the 131 tone-pairs, the other tone’s
fundamental frequency ranges from ~291.46 Hz to ~617.58 Hz in increments of one-tenth of a
tempered semitone, i.e., 10 cents. As graphed in Example 7, there are seven values at which the
amount of roughness is at a local minimum. Measured in cents, the fundamental-frequency ratios
of the local minima in Example 7 are as follow: 0, 320, 390, 500, 700, 880, and 1200. In turn, these
values are close to the following fundamental-frequency ratios: 1/1, 6/5, 5/4, 4/3, 3/2, 5/3, and 2/1,
whose logarithmic values, to the nearest cent, are, respectively, 0, 316, 386, 498, 702, 884, and 1200

cents. The latter fundamental-frequency ratios correspond to ideal magnitudes of the following
intervals in much later European-derived music theory: respectively, perfect prime, minor 3rd,
major 3rd, perfect 4th, perfect 5th, major 6th and perfect octave.
[27] In this regard, Richard Krantz and Jack Douthett (2011, 3–9), employing William Sethares’s
(1993) parameterization of Plomp and Levelt’s roughness function, have shown how local
roughness minima vary with the amplitudes of the lowest partials in a pair of tones. Whereas
amplitudes tend to be smaller among higher harmonics, more local minima become salient as the
amplitudes of all the harmonics approach a single value. If, for example, one tracks all of the first
seven harmonics, one finds that local roughness minima in this cumulative process correspond to
the following succession of fundamental-frequency ratios: 2/1, 3/2, 5/3, and 4/3. Only with
considerable evening out of all the harmonics’ amplitudes are there local roughness minima that
correspond to the fundamental-frequency ratios 5/4, 6/5, 7/4, and 7/6. Insofar as the first five
harmonics are likely to play an important role in the roughness produced by pairs of plucked
strings, the following discussion includes all five. In this regard, the 5th harmonic results in a local
roughness minimum corresponding to the ratio 5/3, even if there is a relatively uneven distribution
of amplitudes among the lowest harmonics. Accordingly, and with a view to avoiding
confirmation bias, the 6th harmonic, which along with the 5th yields a local minimum
corresponding to the ratio 6/5, is also included in the following discussion.

Slow Undulations
[28] The ratio of two tones’ fundamental frequencies corresponds to audible amounts of difference
between them as whole, so that they are heard as a single pair of tones that has a particular
magnitude or size, as in the distinction between a major 3rd and a minor 3rd. Yet at the same time,
differences between the frequencies and sound pressures of two simultaneous tones’ constituent
harmonic partials correspond to certain amounts of roughness. If the differences between two of
the partials’ frequencies are relatively small and the sound pressures of these partials are both
relatively large and similar in amount, the two tones are heard as a single pair of tones that has
relatively slow undulations of loudness. These slow undulations occur at pairs of tones whose
roughness is close to a local minimum and whose fundamental-frequency ratios are somewhat
smaller or somewhat larger than such small whole-number ratios as 1/1, 6/5, 5/4, 4/3, 3/2, 5/3, and
2/1.
[29] Example 8 and Audio Example 3 focus more precisely than Example 7 on pairs of tones whose
ratios coincide exactly with the privileged values 1/1, 6/5, 5/4, 4/3, 3/2, 5/3, and 2/1, and on pairs of
tones whose ratios differ slightly from these. For each of the privileged ratios, Example 8 displays
the amount of roughness produced by pairs of tones in which a particular harmonic partial of one
tone has a frequency that differs by 12, 9, 6, 3, or 0 cycles per second from a particular harmonic
partial of the other tone.(11) Such a difference results in an oscillation of sound pressure and a
corresponding undulation of loudness at a rate of 12, 9, 6, 3, or 0 cycles per second. For instance, a
tone whose fundamental frequency is precisely 450 Hz produces no undulation but still some
residual roughness with a simultaneous tone whose fundamental frequency is precisely 300 Hz. If
the fundamental frequency of the upper tone is 450 ± 1.5 Hz, i.e., 448.5 or 451.5 Hz, its 2nd
partial’s frequency is 2 ∗ 448.5 = 897 Hz or 2 ∗ 451.5 = 903 Hz. It follows that this 2nd
partial’s sound pressure produces with the sound pressure of the 300-Hz tone’s 3rd partial a
loudness undulation of 3 cycles per second, since 897 Hz differs by 3 Hz from 3 ∗ 300 = 900 Hz ,
and 903 Hz also differs from 3 ∗ 300 = 900 Hz by 3 Hz. Similarly, upper tones whose
fundamental frequencies are 453 or 447, 454.5 or 445.5, and 456 or 444 Hz result in undulations of,
respectively, 6, 9, and 12 cycles per second, as well as certain amounts of residual roughness. As
Example 8 shows, tone-pairs whose fundamental frequencies coincide with the perfect-prime ratio
(1/1) and the perfect-octave ratio (2/1) result in less residual roughness than those that coincide
with the perfect-5th ratio (3/2). As well, those at the ratios for the major 6th (5/3), perfect 4th (4/3),
major 3rd (5/4), and minor 3rd (6/5) result in successively greater roughness. Indeed, for the 6/5,
5/4, 4/3, and 5/3 ratios, roughness remains quite constant when there are 9 or fewer undulations per
second.

[30] Concerning roughness in general, Helmholtz emphasized that “the whole sound is alternately
reinforced and weakened”; that is, alternations of loudness in more or less rough sounds are a
feature of two tones heard as a single whole, i.e., two tones heard jointly rather than severally
(1877, 303; 1885, 181). Helmholtz considered the sound of slow undulations “by no means
disagreeable,” noting as well that “slight de-tuning of modern organs and harmoniums imitates
the trembling of the human voice and of violins” (1877, 279–80; 1885, 167–68). Such instances of
slow pulsation of loudness or slow oscillation of pitch and even of spectrum at rates around six per
second could be multiplied to include the tremulant and celeste stops on European pipe organs
since the sixteenth century (Owen 2001 and Williams and Owen 2001) and the more recent vibrato
and chorus effects of Hammond organs (Faragher 2011, 52), as well as the tremolo effects realized
by vibraphones (Lotha 2018). To these could be added the periodic oscillation of fundamentalfrequencies in vibratos and tremolos produced by expert vocalists and panpipe performers in
European, African, and Andean traditions as well as the more precisely periodic undulations
resulting from de-tuned fundamental frequencies within pairs of traditional Balinese
metallophones whose sounds have been characterized as “shimmering” (Hood 1966; Rahn 1996,
17–23; and Tenzer 2000, 31–33).
[31] Helmholtz observed further in the same passage that:
3 beats in two seconds [i.e., undulation rates of 1.5 Hz], which cannot be observed
without considerable attention, . . . give no feeling of roughness [between tones whose
fundamental-frequency ratios are very close to a unison].” In contrast, “the ear easily
follows slow beats of not more than 4 to 6 in a second. The hearer has time to
apprehend all their separate phases, and become conscious of each separately; he can
even count them without difficulty. But when the interval between the two tones
increases to about a Semitone, the number of beats becomes 20 or 30 in a second [e.g.,
relative to a fundamental frequency of 300 Hz, fundamental frequencies of 320 or 280
Hz, and 330 or 270 Hz, i.e., somewhat more than 100 cents], and the ear is consequently
unable to follow them sufficiently well for counting (1877, 279–80; 1885, 167–68).
[32] Whereas certain idioms have consistently sought to produce slow periodic changes in some
combination of loudness, pitch, and spectral timbre, musicians have also attempted to minimize
them, if not to remove them entirely, as in Europe from the late fifteenth century onward (Lindley
1974). In any event, varying responses to periodic changes of loudness and pitch near privileged
ratios during several centuries of European-derived music and in diverse, culturally independent
settings indicate that slow undulation and faster beating are universally accessible to perception.
[33] From the preceding observations, one can conclude that roughness produced by pairs of
plucked strings has at least two perceptible forms: relatively great amounts of roughness without
slow undulation and relatively small amounts of roughness combined with slow undulation. One
can also note that, in principle, roughness and undulation are acoustically absent only from a
single sine tone. In any composite tone, and in any pair of simultaneous tones, there is always some
roughness. Nonetheless, as Helmholtz observed, in a pair of tones that undulate extremely slowly
(e.g., at a rate of ca. 1.5 Hz), undulation is not perceived. Further, in contrast to tones produced by
bowed strings, tones produced by plucked strings are slightly inharmonic (Järveläinen et al. 1999),
and as they constantly decrease in loudness, perception of roughness and undulation becomes
attenuated. Moreover, nothing is known of the precision with which such Mesopotamian tuning
mechanisms as sticks and wrappings (Kilmer 1998, 14, Fig. 1; and Schauensee 1998, 24, Fig. 5)
would have been adjusted to alter the fundamental frequency of a plucked string (Kilmer 1998, 14,
Fig. 1 and Schauensee 1998, 24, Fig. 5). Rather than realizing privileged ratios precisely, one can
only claim that tuning a pair of plucked strings by ear might minimize roughness and reduce the
rate of slow undulation within particular limits of perceptual acuity and instrument manufacture.
Alternatively, slow undulation might have been realized, not only within particular limits of
perceptual acuity but also within idiomatic norms. In either case, slow undulation would have
provided a salient contrast with roughness and could very well have served as a guide to tuning a
pair of strings by altering one of them.

[34] The terms that Helmholtz (1877, 302; 1885, 181) employed to describe acoustical and perceptual
aspects of pairs of tones have been uniformly arranged along a single evaluative dimension. The
sound of a pair of tones in which a harmonic partial of one tone differs little, or not at all, in
frequency from the closest harmonic partial in the other tone is described as “most pleasant,”
“undisturbed coexistence” in contrast to characterizations such as “restless fluctuation” and
“disturbed coexistence” for a pair in which the closest harmonic partials differ greatly in frequency.
Since Helmholtz, researchers have employed the same, evaluative dimension. (For example,
Terhardt [2000], citing 14 studies, settles on “annoyance” and absence of annoyance.) Insofar as
Helmholtz’s term “rough” and the Mesopotamian term “la-zakû” convey values on an evaluative
semantic dimension, “rough” is a negative (bad) value whereas “zakû” is a positive (good) value.
To coordinate both lexicons within a single semantic dimension, one might consider, at least for
present purposes, the opposite or complement of “rough” to be “smooth.” Although Juan Roederer
(2008, 38) has reserved the terms “smooth” and “smoothness” for pairs of sine tones whose
frequencies differ by more than a critical band—e.g., 9.5% above and below for frequencies greater
than ~500 Hz)—the adaptation of Helmholtz’s original formulation seems appropriate insofar as
“smooth” would characterize not only the undulation-free sound of a pair of tones with a
fundamental-frequency ratio corresponding precisely to one of the privileged values identified
above for tones that have 6 harmonic partials, but also the slowly undulating sound of pairs whose
fundamental-frequency ratios differ slightly from these values (e.g., by 6 Hz). Indeed, within such
pairs that differ slightly, the periodic changes in loudness are much less steep than the sudden
change at the pairs’ onsets: continual “rippling” in contrast with an abrupt “attack,” as conveyed
by the pairs of tones in Example 6, above.
[35] Whereas roughness has been treated as a variable that can take continuous values within a
single dimension, “zakû” and “la-zakû” might suggest a dimension having only two values. To be
sure, the technical context of “zakû” and “la-zakû” in the tuning instructions comprises two states: a
pair of strings exhibiting la-zakû sound and the same pair that becomes zakû. However, rather than
implying a fixed pair of states, the tuning instructions imply a process, during which a tone-pair’s
acoustical and perceptual counterpart would change in value monotonically, from greater to less
roughness.
[36] At the tuning instructions’ successive starting-points, a pair of strings is la-zakû; thereupon, one
of the strings is altered until the conclusion, at which point the pair of strings is zakû. Similarly,
various contexts of zakû in Akkadian writings involve a process: e.g., clean garments, clean
vegetables, and a clean slab. All of these refer to things that have been cleaned or cleansed;
likewise, refined silver implies a process of purifying previously alloyed silver (Oppenheim 1961,
23–32). In each instance, there is an uninterrupted process of change from a lower to a higher value,
from bad to good, or from worse to better. Accordingly, “clarified,” “purified,” or “cleansed”
convey the tuning instructions’ use of “zakû” more precisely than “clear,” “pure,” or “clean,” and
for “la-zakû” “unclarified,” “unpurified,” or “polluted” would be the counterparts (Rahn 2015, 2–4).
By extension, the preceding acoustical and perceptual account of changing one string of a pair of
strings would suggest not merely “smooth” and “rough” but “smoothed” and “unsmoothed,” or,
to introduce another metaphor, “polished” and “unpolished.” Such metaphors could be
multiplied, as they have been in European-derived studies of musical perception and as they were
in general, non-musical usage in Akkadian. But without insisting on a Eurocentric outlook or its
cousin, an outlook of extreme cultural relativism, such metaphors need not misrepresent the
phenomenon if they convey a single evaluative dimension and they remain connected to crossculturally accessible perception of differences that correspond to acoustical differences.(12)
[37] A remaining aspect of the process the tuning instructions specified involves its destination or
completion. The much later Pythagorean tradition might have insisted that only a pair of strings
that instantiates a particular ratio precisely is in fact “pure” or “clear” or “clean,” (or even
“purified,” “clarified,” or “cleansed).” Such an abstract, ideal state, however, would be unverifiable
and unfalsifiable with regard to human perception and production. Acoustically, as indicated
above, the partials of plucked strings are at least slightly inharmonic, and the instrument’s tuning
sticks and wrappings are of unknown precision. Moreover, perception of any sort is determined
only within a particular range of uncertainty. Indeed, a series of perceptual experiments by Joos

Vos (1982, 312) has shown that, whereas judgments of purity did not, on average, differ
significantly from particular prototype ratios (e.g., 3/2 or 5/4), the distributions of purity judgments
around such values were quite substantial. Specifically, 50% of the “pure” judgments were
responses to pairs of tones with harmonic partials exhibiting fundamental-frequency values of
more than 5 to 25 cents larger and smaller than the prototype ratios (Vos 1982, 310, Fig. 11). To be
sure, one might resort to an extremely Platonic ontological position that such discrepant responses
were merely evidence of a disjunction between appearance and reality.(13) Such a pose would,
however, forfeit parsimony by presuming, beyond necessity, a transcendent reality that is, in
principle, neither verifiable nor falsifiable.(14)
[38] Rather than insisting on a particular ratio as the conclusion of a tuning process, one can
acknowledge that ratios within the immediate vicinity of a particular ratio would serve as such a
destination. For ratios that differ slightly from prototype values, such as those that Helmholtz said
“cannot be observed without considerable attention” and “give no feeling of roughness,” more
prominent undulations in a monotonic process could have served as warnings, much as a yellow
traffic light indicates that an intersection is very near and a required stop is imminent (1877, 279–
80; 1885, 167–68). Accordingly, the ideal ratios of the following account should be understood as
comprising a relatively small range of values rather than a single abstract value.

D. Factors Affecting Fundamental-Frequencies and Their Ratios
[39] Combining the modulo-7 framework outlined in part B and the auditory interpretation of
dichord tuning developed in part C, one can ascertain how fundamental frequencies and their
ratios would be realized in the seven tunings, specifically by observing that the instrument’s nine
strings would have been successively larger, making their fundamental frequencies smaller. As
Gurney observed (1994, 104), Mesopotamian harp depictions represented strings of different
lengths with the shortest at the front, so that string 1 would be the shortest. Noting further that
“strings on lyres are usually shown as approximately equal in length” he added, citing Subhi
Anwar Rashid (1984, Abb. 45), that “it must be admitted that at least one representation, the stele
from Telloh, clearly has the shortest strings in front.” To be sure, identifying which parts of a harp
or lyre in a depiction would have corresponded to the front and back strings named in Nabnitu 32
and N. 4782 would depend on whether the musician, the listener, or the ornamental animal head
that decorated certain instruments of the time was considered to be the front. Yet as Raoul Vitale
(1982, 243–255) emphasized, the terms for the 3rd and 4th strings, “3rd thin” and “4th small,”
clearly indicate that they were named in direct contrast with the terms for the 7th and 6th strings,
which were, respectively, “3rd from behind” and “4th from behind” (see Example 1, above).
[40] Although Vitale concluded that the names of strings 3 and 7 and strings 4 and 6 implied that
fundamental frequencies of successive strings were uniformly smaller from string 1 to string 7, his
observation would directly constrain the direction of only two dichords among
6
C(7, 2) = 7 ∗
= 21 dichords. To illustrate patterns of descending and ascending dichords that
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might have occurred among the first seven strings—assuming fundamental frequencies of strings 3
and 4 were greater than the fundamental frequencies of, respectively, strings 7 and 6—Example 9
shows the following cycle of zakû dichords in embūbum tuning as outlined in Example 5, above:
3&7, 7&4, 4&1, 1&5, 5&2, 2&6.
[41] In parts A and B of Example 9, the fundamental frequency of string 3 is set arbitrarily at 0, and
in conformity with Vitale’s observations; string 7’s fundamental frequency is set at a general value
that would be smaller than the fundamental frequency of string 3, namely, −x, where x > 0. If the
undirected magnitude of the four-string-step dichords were the same as the undirected magnitude
of the three-string-step dichords and the three-string-step dichords were positively directed, as in
part A of Example 9, string 4’s fundamental frequency would be the same as string 6’s, namely, 0
(rather than greater). Moreover, there would be only three fundamental frequencies among the
seven strings, namely, −x, 0 , and x; as well, some fundamental frequencies would be the same
from string to string (specifically, the unison dichords 1&2, 3&4, 4&5, and 5&6) and others would
descend (2&3 and 6&7). In Part B of Example 9, the three-string-step dichords would be negatively
directed and string 4’s fundamental frequency, −2x , would be greater than string 6’s: −6x , since

. Some fundamental frequencies in this case, notably, would descend from
string to string (specifically, the one-string-step dichords 1&2, 3&4, 4&5, and 5&6) and some would
ascend (2&3 and 6&7).
−2x − (−6x) = 4x

[42] In parts C, D, E, and F of Example 9, the three-string-step dichords differ in magnitude from
the four-string-step dichords. In parts C and D, the four-string-step magnitudes, g , are greater than
the three-string-step magnitudes, s : g > s, where g > 0 and s > 0. In part C, the three-string-step
dichords are positively directed and in part D they are negatively directed. In both, the 4th string’s
fundamental frequency is greater than the 6th string’s, since, respectively,
−g + s − (−3g + 3s) = 2g − 2s > 0 , and −g − s − (−3g − 3s) = 2g + 2s > 0 . Whereas
some one-string-step dichords would descend in part D and others would ascend, in part C all
would descend if −2g + 3s > 0 , i.e., s > 2g/3s.
[43] Finally, in parts E and F of Example 9, the three-string-step magnitudes, g, are greater than the
four-string-step magnitudes, s : g > s, where g > 0 and s > 0. In part E, the three-string-step
magnitudes are positively directed and the 4th string’s fundamental frequency is smaller than the
6th’s, since −s + g − (−3s + 3g) = 2s − 2g < 0 . In part F, the three-string-step magnitudes are
negatively directed and the 4th string’s fundamental frequency is greater than the 6th’s, since
−s − g − (−3s − 3g) = 2s + 2g > 0 . In both, some one-string-step dichords would descend in
part D and others would ascend. In short, four of the six ways in which relative magnitudes and
directions of three- and four-string-step zakû dichords are combined result in the fundamental
frequencies of strings 3 and 4 being greater than those of, respectively, strings 7 and 6. Only one of
these combinations, C, also results in all six one-string-step dichords being uniformly negative in
direction if, expressed as a logarithm, the smaller, three-string-step zakû ratio is greater than twothirds the magnitude of the four-string-step zakû ratio.

Alterations of Fundamental Frequencies
[44] Also to be considered with regard to fundamental frequencies and their ratios are the kinds of
alterations the tuning prescriptions specify when one tuning is changed into another. As conveyed
in Example 3, above, and part B’s account of the seven tunings’ modulo-7 framework, one and only
one, of the first seven strings was altered when changing one tuning into another, and this string
was one of the strings of the tuning’s la-zakû dichord. Since the alterations in the first chapter
mirror those in the second, one can consider them to have been opposites, so that an alteration in
one of the chapters would increase a particular string’s fundamental frequency and an alteration in
the other chapter would decrease it.
[45] The Akkadian term for “to loosen,” namely, nê’um (te-né-e-am-ma: “you loosen (for me),”
occurs both intact and partially only in the second chapter, in the third line of the four-line
paragraphs. Accordingly, one can infer that its opposite, an Akkadian term for tightening,
originally occurred at the corresponding places in the first chapter (Krispijn 1990). At such places,
Mirelman and Krispijn (2009, 43–45) have supplied the reconstructed Akkadian form ta-na-sà-aḫ/ḫama (“you tighten (for me)”), an editorial decision justified by the appearance of the Akkadian word
nu-su-[ḫu-um] (“tightening”) at the end of the first chapter. Nu-su-ḫu-um has the same root as ta-nasà-aḫ/ḫa-ma (cf. the verb nasāḫum, to remove, subtract, deduct, in Oppenheim 1980, 1–15), and
serves as the concluding rubric to the first chapter, albeit surviving there only partially. If
Mirelman and Krispijn are correct, insofar as tightening would involve temporarily removing,
subtracting, or deducting part of the length of a plucked string by rotating the string’s wrappings
around the instrument’s crossbar, the first chapter would prescribe tightening particular strings,
which would increase their fundamental frequencies, thereby changing the instrument’s first seven
strings from one tuning to another. Conversely, the second chapter would prescribe loosening a
particular string’s wrappings, which would decrease its fundamental frequency, again changing
the instrument’s first seven strings from one tuning to another. In conformity with the preceding
discussion of zakû as the end result of a process, tightening and loosening would involve a single
uninterrupted change from rougher to smoother.

[46] Example 9 shows also that of the four combinations of relative magnitudes and directions of 3and 4-string-step zakû dichords that would result in the fundamental frequencies of strings 3 and 4
being greater than the fundamental frequencies of, respectively, strings 7 and 6, only combination
C would be consistent with the cycle of zakû dichords. According to the instructions, embūbum
tuning would be changed into pītum tuning by turning embūbum’s three-string-step la-zakû dichord
3&6 into a zakû dichord by loosening string 3 and into kitmum tuning by tightening string 6. In
Combinations B and F, loosening string 3 to produce a zakû dichord of, respectively, magnitude x
and s would result in the same fundamental frequency as string 2 (see bold typeface in Example 9);
tightening string 6 to produce a zakû dichord of, respectively, x and s would result in a
fundamental frequency between 0 and, respectively, −2x and −s − g, so that 6&3 would be a onestring-step dichord rather than a three-string-step dichord. Similar anomalies result in D, where
loosening string 3 would produce a one-string-step dichord, as would tightening string 6. Only in
C would loosening string 3 and tightening string 6 to change a la-zakû 6&3 dichord into a zakû
dichord result in a fundamental frequency between string 2 and string 4 and between string 5 and
string 6, respectively. In short, Vitale’s (1982) reasoning concerning strings 3, 4, 6, and 7 along with
Mirelman and Krispijn’s (2009) account on loosening and tightening favor combination C of
Example 9, where 1) the four-string-step dichords would be larger in their fundamental-frequency
ratio than the three-string-step dichords, and 2) strings 1 to 7 would decline uniformly in their
fundamental frequencies, albeit only if the three-string-step dichords were larger in their
fundamental-frequency ratio than two-thirds the magnitude of the four-string-step dichords.
Whereas the present account has not, so far, concluded that Mesopotamian tuning was diatonic,
both Vitale (1982) and Gurney (1994), following Wulstan (1968), assumed as much. For Vitale, this
assumption was a basis for concluding that the strings declined in fundamental frequency from 1
to 7 because of relationships between strings 3 and 7 and between strings 4 and 6; for Gurney (1994,
n.5, 101) this assumption was a basis for concluding that the strings declined in fundamental
frequency from 1 to 7 because of Vitale’s reasoning along with Krispijn’s (1990) reading of the
Akkadian word nu-su-[ḫu-um] (“tightening”) at the end of the first chapter. Accordingly, and
without adopting Wulstan’s flawed reasoning, one can note that uniform direction of fundamental
frequencies would be consistent with harps and depictions of harps that have survived since the
third millennium BCE. The stele from Telloh would be consistent with such a conclusion for lyres
and would identify string 1 with the “front” of early Mesopotamian lyres and harps, including the
decorative bull’s head on, e.g., the “Queen’s harp” and the “Peace” panel on the “’Standard’ of Ur”
(Wooley 1934, vol. 2, 249-58; Kleiner and Mamiya 2005, 38–39).
[47] Most importantly, Example 9 shows that tightening string 6 or loosening string 3 would result
in an additional constraint on the relative magnitudes of the three- and four-string-step
zakûdichords: specifically, if string 3’s fundamental frequency is lower than 0, then 4s − 3g < 0 ,
i.e., s < 3g/4; similarly, if −s is higher than −3g + 3s , then (−s) − (−3g + 3s) = 3g − 4s > 0 ,
so that s < 3g/4. Combined with the constraint that results from Vitale’s observation, the relative
magnitudes of the 3- and 4-string-step zakû dichords, respectively, s and g , are as follows:
3g

2g
> s >

4

, where s > 0, g > 0, and s < g
3

Octaves
[48] The latter constraint posited at the end of the previous paragraph on the magnitudes of the
smaller, three-string-step dichords and larger, four-string-step dichords is of particular interest
here, as it corresponds to the boundary values of the three-step generating interval for a special
category of seven-degree well-formed scales, i.e., WF(7,2), in which the ratio 2/1 is the magnitude
of the periodic, eight-step interval, i.e., the usual “octave,” and that mathematically comprises
Easley Blackwood’s (1986) “recognizable diatonic tunings.” As formulated by Norman Carey
(Carey 1998), well-formed structures are framed mathematically in terms of pitch classes rather
than merely pitches. As a consequence, fundamental frequencies that instantiate a well-formed
structure could range indefinitely lower or higher than the seven fundamental frequencies on
which the preceding discussion of individual Mesopotamian tunings has focused. Further, as
Carey has emphasized (1998, 159–63), the magnitude of a well-formed structure’s periodic interval

need not correspond to the 2/1 ratio and is in principle arbitrary. Accordingly, the following
discussion considers whether the tuning instructions specify, explicitly or implicitly, a periodic
value. In this regard, how one interprets the tuning instructions’ reference to string 9 is of greatest
consequence. When changing the tuning from išartum to kitmum, the tuning instructions prescribe
loosening not only string 2 but also string 9. Because of the recursive and symmetrical structure of
the first and second chapters, one can infer that changing kitmum into išartum would involve
tightening not only the 2nd string but also the 9th. However, the tuning instructions do not
indicate precisely the extent to which the 9th string is to be loosened or tightened. Although
tightening string 2 in išartum would change 5&2 from la-zakû to zakû and the tuning from išartum to
kitmum, the tuning instructions do not characterize the 2&9 dichord as zakû or la-zakû. Yet these are
the only terms the instructions employ to describe dichords, and they employ them only for threeand four-step dichords among the first seven strings. Indeed, as Kilmer (1998, 15) has noted, there
is no known Mesopotamian term for the octave, which here can be considered any dichord that
would span eight strings, i.e., seven string-steps. The tuning instructions, furthermore, do not
provide a name for the four-string-step dichord that comprises the 9th and 5th strings, nor do any
known Mesopotamian tablets provide a term for dichords that comprise one of the first seven
strings as well as the eighth or ninth string.
[49] In the absence of terms, or even circumlocutions, loosening or tightening the 9th string in a
single continual change from roughness to smoothness for dichords comprising the 2nd and 9th
and the 5th and 9th strings would be consistent with the present formulation. On one hand, the 9th
string might have formed a unison, a fundamental-frequency ratio of 1/1, with the 2nd string. On
the other hand, some other fundamental-frequency for the 9th string might have resulted in
smooth ratios for 2&9 and 5&9. Both Rahn (2011, 205, 223–224, 228–229, 233–234) and Mirelman
(2013, 46–47, 55) have suggested both of these possibilities. Of these two possibilities, a unison
between the first and eighth strings is more doubtful.
[50] In YBC 11381 (Payne 2010, 292–93), the incipits of nine benedictions for various Assyrian gods
are preceded by explicit designations of nine strings as listed in Mesopotamian tuning sources and
numbered in YBC 11381 from 1 to 9: sa 1, sa 2, . . . sa 9, along with Akkadian glosses for these string
names. Among the gods from whom blessing is sought, there seems to have been no special
relationship between string 1’s Aššur, king of the gods, and string 8’s Enudtila, god of pastures,
nor between string 2’s Ištar, god of creation, and string 9’s Enmešarra, god of war. Moreover, there
is no reason to believe that a single fundamental frequency would have been advantageous in
securing a propitious response from two gods rather than one. There is likewise no evidence that
these pairs of strings produced the same fundamental frequency by virtue of having the same
thickness, which is identified as a substantive variable in the Sumerian name Nabnitu 32 and N.
4782 provide for string 3; this is a tuning issue that would be especially relevant to the instrument if
it was a lyre that had strings of equal length. Nor is there evidence that the string pair lengths
would be the same, which would be relevant whether the instrument was a harp or lyre. The
lengths of strings on harps varied monotonically along the sound-box, and even if there was
variation in the lengths of lyre strings, as on the stele from Telloh mentioned by Gurney, it too was
monotonic, in the sense that higher numbered strings were at least as long as lower numbered
strings.
[51] Of additional relevance to the possibility that strings 2 and 9 produced different fundamental
frequencies would be the modulo-7 cycle of strings among all seven tunings. In such a modulo-7
framework, the 8th and 9th strings would be congruent with, respectively, the first and second
strings. In each of the seven tunings, three- and four-string-step dichords are characterized as zakû
or la-zakû. (In išartum and kitmum tunings, the three-string-step 5&2 dichord is, respectively, la-zakû
and zakû.) As the second and ninth strings are congruent, and assuming that the fundamentalfrequency ratios of zakû dichords that spanned four string-steps were perceptually the same (as
would be those that spanned three string-steps), the four-string-step 5&9 dichord would be la-zakû
in išartum and zakû in kitmum.
[52] A further consequence is that the ratio of the seven-string-step 2&9 dichord would be the
product of these three- and four-string-step dichords’ ratios. Because of the tuning instructions’

recursive, symmetrical and cumulative structure, this relationship between particular three- and
four-string-step dichords on one hand and a particular seven-string-step dichord on the other hand
would obtain in each tuning. As such, this relationship would be of practical utility in loosening or
tightening specific strings, for one could assess the change from roughness to smoothness when
turning a three- or four-string-step la-zakû dichord into a zakû dichord by assessing the smoothness
of, respectively, its four- or three-string-step counterpart and the seven-step dichord that spanned
both dichords. In each of the seven tunings, tuning would be enhanced insofar as at least three of
the following trichords would comprise smooth three-and four-string-step dichords: 1&4&8,
1&5&8, 2&5&9, and 2&6&9; in addition, in three of the tunings, all four trichords would be smooth.
Taken together, these redundancies would provide a conjectural answer to a question Mirelman
raised in the discussion period following his 2012 conference presentation on “Tuning Procedures
in Ancient Iraq,” namely, “Why did the sammû have 9 strings?”

E. Pairs of Smooth Dichords as Potential Realizations of zakû String-Pairs
[53] The present section proceeds from the general constraint on the magnitudes of three- and fourstring-step magnitudes to a consideration of the actual magnitudes that might have been realized
consistent with the Mesopotamian tuning instructions. Section C of Example 9, discussed above,
outlines a way in which a Mesopotamian musician could adjust a la-zakû pair of strings so that a
single continual alteration of one string would turn it into a zakû dichord by smoothing or
polishing its sound. Insofar as a plucked string’s spectrum would comprise six harmonic partials,
there might be eleven ideal prototype ratios. Excluding the perfect prime’s 1/1 ratio (because it is
assumed above that each of the first seven strings would produce a fundamental frequency
different from each of the other six strings’ fundamental frequencies), these ratios would be 6/5,
5/4, 4/3, 3/2, 5/3, 2/1, 5/2, 3/1, 4/1, 5/1, and 6/1. Among these eleven ratios, there would be
11∗10
C(11, 2) =
= 55 pairs.
2
[54] Example 10 shows how these 55 pairs of ratios are related by calculating for each ratio its
logarithm to the base 21/1200 — i.e., its value in cents—and for each pair the ratio of the smaller
ratio’s value in cents divided by the larger’s in cents. As shown in Example 9, above, the smaller
ratio of each pair would correspond to a three-string-step zakû dichord and the larger ratio would
correspond to its four-string-step counterpart. Accordingly, the 55 pairs of zakû ratios would be as
follow: 6/5 and 5/4, 6/5 and 4/3, 6/5 and 3/2, . . .6/5 and 5/1, 6/5 and 6/1, 5/4 and 4/3, . . .and 5/1 and
6/1. With regard to these 55 pairs of ideal zakû ratios, one can advance the following hypothesis:
At least one of the 55 pairs of ideal zakû ratios would have resulted in a tuning that was
consistent with the factors discussed in part D, above.
[55] Among the 55 pairs of ideal zakû ratios, only three, which are highlighted by bold typeface in
Example 10, would result in values of s and g such that

3g
4

> s

2g
3

, where s

,

> 0 g > 0

, and

. Of these, the ratio pair comprising 3/1 and 5/1 would be problematic, as they would result
in three-and four-string-step la-zakû dichords whose magnitudes were, respectively
3 ∗ (g − s) = ~2652 cents and 2 ∗ (2s − g) = ~2036 cents. Tightening a string to change the
~2652-cent magnitude into its zakû version, namely, s=~1902 cents, would involve an interruption
around the magnitude 4/1 = 2400 cents, which would produce a very high degree of smoothness;
the same point applies to the change from ~2036 cents to g=~2652 cents. In contrast, the other two
pairs of ratios would result in a change from roughness to smoothness that was not interrupted by
intervening smoothness. Nonetheless, not only the ratios 3/1 and 5/1 but also the ratios 5/3 and 2/1,
would result in quotients that would be very close to the boundary values for well-formedness that
are implicit in the tuning instructions: if s = log( 31 ) and g = log( 51 ) ,then s = 0.68g as
s < g

compared with s
s = 0.75g

= 0.67

; if s

. In contrast, if s

= log(

= log(

4
3

)

5
3

)

and g

and g

= log(

= log(

3
2

)

2
1

)

,then s

,then s

= 0.74g

= 0.71g

as compared with

, which is approximately

midway between the boundary values of 0.67g and 0.75g. Accordingly, a practical advantage of
the ideal, prototype ratios 4/3 and 3/2 would have been their capacity for resulting in the wellformed structure, which is implicit in the tuning instructions within relatively large ranges of
values. In the history of European tuning theory, this capacity has been exploited when ideal

tunings of the perfect 5th have been formulated mathematically as the ratios

3
2

= ~702

cents,

= ~700 cents,and 5
= ~696.6 cents. In other musical traditions, where stringed
instruments have been tuned entirely by ear, even greater ranges around prototype values have
been produced: e.g., in court music of Burma/Myanmar and Uganda.
2
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[56] An additional advantage of 4/3 and 3/2 as ideal, prototype ratios for Mesopotamian tuning
would be that the seven-string-step dichords 2&9 and 1&8 could be tuned by changing their timbre
from rough to smooth without requiring target spectra comprising relatively great amplitudes
among harmonics higher than the 6th. On one hand, the ratios 5/3 and 2/1 would result in the ideal
prototype ratio 10/3, which would involve comparing the 3rd harmonic produced by the upper
tone with the 10th harmonic of the lower tone, and the ratios 3/1 and 5/1 would result in the ideal
prototype ratio 15/1, which would involve comparing the 1st harmonic (i.e., the fundamental
frequency) produced by the upper tone with the 15th harmonic of the lower tone. On the other
hand, the ratios 4/3 and 3/2 would result in the ideal prototype ratio 2/1, which would involve
comparing the 1st harmonic of the upper tone with the 2nd harmonic of the lower tone. In this
regard, a corollary of Vassilakis’s (2001, 26–45) formulation of roughness is that roughness is more
prominent, and hence the contrast between roughness and smoothness is more pronounced, if the
amplitudes of the harmonics that result in roughness are similar. Of relevance to Vassilakis’s
formulation, the modeling of Krantz and Douthett (2011) summarizes the extent to which the 2/1
ratio would tend to result in much more prominent contrast between roughness and smoothness
than the ratios 10/3 and 15/1.
[57] The present study has attempted not to prejudice the possible candidates against harmonics
lower than the 7th, especially as the amplitudes of harmonics plucked-string spectra vary to a
certain extent among the first six. That said, it is undeniable that changes in the interaction of
harmonics produced by plucked string-pairs with magnitudes far from and then close to the ideal
fundamental-frequency ratios 2/1, 3/2, and 4/3 would tend to be relatively accessible to hearing. In
particular, seven-string-step dichords with ideal fundamental-frequency ratios close to 2/1 would
not only have provided a reliable basis for checking the tuning of zakû three- and four-string-step
dichords; as well, they would have facilitated extensions of tuning beyond the sammû’s nine
strings. Of relevance here, Bo Lawergren and Oliver Gurney (1987, 50–51) reported plucked string
instruments having more than seven strings throughout much of Mesopotamian history, during an
extended period that surrounded the time when terms employed in the tuning instructions
continued to be inscribed on clay tablets. Specifically, they documented such instruments having as
many as 15 strings in the third millennium, 12 in the second millennium, and 30 in the first
millennium. Accordingly, if the 2&9 dichord, and hence the 1&8 dichord, was tuned from rough to
smooth, it is plausible that all seven-string-step dichords were tuned in this way. As a consequence,
music to which the tuning instructions were relevant might well have comprised counterparts to
the compound intervals as well as the pitch classes and interval classes of later music theory.
Indeed, the present formulation would extend directly to include smooth dichords spanning two
registers, for the ideal fundamental-frequency ratio 4/1 could be tuned as readily as the zakû
dichords’ ratios, 4/3 and 3/2.

F. Discussion
[58] The hypothesis introduced at the beginning of part E has been verified in a falsifiable manner.
Indeed, one can argue even more narrowly that Mesopotamian tuning was perceptibly diatonic,
with ideal zakû ratios of 4/3 and 3/2 and a smooth seven-string-step dichord ratio of 2/1 that would
have facilitated musical practice for millennia. However, this conclusion is reached only by taking
into account several factors, each of which is decisive. Relevant acoustical and psychoacoustical
aspects of plucked strings include the following facts:
1. Thinner and smaller plucked strings produce greater fundamental frequencies and higher perceived
pitches than thicker and larger strings.
2. Tightening and loosening a plucked string respectively increases and decreases its fundamental frequency
and raise and lower its perceived pitch.

3. Plucked simultaneously, pairs of strings produce audible roughness minima and smooth undulations that
correspond to particular ideal fundamental-frequency ratios.

The contents of the tuning instructions and other Mesopotamian writings that are germane to
reverse-engineering Mesopotamian tunings include the following information:
4. the names of the strings on the instrument for tuning and their consequent spatial ordering; and
5. the names of the seven dichords that spanned four and five of the instrument’s first seven named strings,
and the consequent names of the seven tunings the tuning instructions identify.

Assumptions concerning the tuning instructions and other Mesopotamian writings, as well as
acoustical and psychoacoustical aspects of plucked strings that are decisive to historically
reconstructing Mesopotamian tuning are as follows:
6. Each string produced a fundamental frequency different from the others.
7. The fundamental-frequency ratios of zakû dichords that spanned four string-steps were perceptually the
same, as were those that spanned three string-steps.
8. The tuning instructions’ distinction between zakû and la-zakû corresponded to a “bottom-up” acoustical
and psychoacoustical contrast, accessible universally, between, respectively, auditory smoothness and
roughness, and, respectively, a contrast between positive and negative valence that was semantically
consistent with the usage of “zakû” and “la-zakû” in other Mesopotamian writings and that has been found
in subsequent cultural settings.

[59] Finally, a critical factor favoring the ideal fundamental-frequency ratios 4/3 and 3/2 as zakû
magnitudes is their joint consistency with the ideal fundamental-frequency ratio 2/1, which could
be tuned in exactly the same rough-to-smooth manner and serve as a seven-string-step means of
verifying the magnitudes of its three- and four-string-step zakû segments. Consistent with this
point, Example 11, Example 12 and Audio Example 4 illustrate how išartum tuning could have
been realized “from scratch,” as discussed above (cf. Example 5), with the remaining tunings
realized by successively tightening particular strings and then loosening particular strings in
reverse order, returning “full circle” to išartum tuning. Examples 10 and 11 also indicate dichords
in the re-tuning cycle that could have been checked by means of octaves that included strings 1 and
8 or strings 2 and 9.
[60] Having concluded that Mesopotamian tuning was diatonic and would favor the ratios 4/3 and
3/2 without assuming aspects of tuning known only for later cultural settings, one can assess the
extent to which it was similar to tuning in Ancient Greece, rather than arguing backward in time
from Ancient Greek tuning to Mesopotamian tuning. In this regard, the clearest parallels with
Mesopotamian tuning are found in Aristoxenus’s approach. Like the Mesopotamian tuning
instructions, and in contrast to other Greek writers, Aristoxenus advocated tuning by ear, rather
than by means of “ratios of numbers” (Barker 1990, 149) that were later promoted by Ptolemy
(Barker 1990, 275–391) and assumed by Wulstan and such earlier writers as Philolaus and Archytas
(Barker 1990, 36–38 and 39–41). Just as tightening and loosening an individual string were central
to Mesopotamian tuning, tensing and relaxing an individual string (or the human voice) were
central to the process Aristoxenus advocated for tuning (Barker 1990, 128, 133–34, 142, 149, 157–58,
165–66). Moreover, similarly to the Mesopotamian tuning instructions, Aristoxenus assigned
privileged status to certain pairs of tones tuned simultaneously: each sym-fōnia, literally, “togethersounding” pair (Barker 1990, 162, n. 77), had a magnitude he took as “given,” in contrast to each
dia-fōnia, literally, “apart-sounding” pair, two tones tuned successively, i.e., “melodically.” As in
the Mesopotamian tuning instructions, these privileged pairs of tones corresponded (judging from
earlier and later Greek and Roman accounts) to values close to the ideal fundamental-frequency
ratios 4/3 and 3/2. The ideal 2/1 ratio was treated as a combination (i.e., a “sum”) of these, rather
than as an independent starting point for tuning (Barker 1990, 160) and constituted the basis for
compound intervals spanning several registers (Barker 1990, 130, 139–40). Whereas the preceding
account of Mesopotamian tuning acknowledges that the fundamental-frequency ratio of a zakû
dichord would be audibly smooth rather than insisting on a single ideal value, Aristoxenus

specified that a symfōnia pair could have “either no range of variation at all, being determined to a
single magnitude, or else a range which is quite indiscernible” (Barker 1990, 168). This explanation
anticipates Helmholtz’s account of slow undulations as “by no means disagreeable” and
acknowledges the perceptual relevance of “qualitative identity” in contrast to the Pythagoreans’
specification of an ideal “numerical identity” (Forest 2020 ).
[61] Further, Mesopotamian tuning was effectively diatonic in the modern sense, realized by
cycling perfect 4ths and 5ths among seven tones, and implicitly privileged as the only kind of
tuning formulated in the instructions. For Aristoxenus, too, diatonic tuning, more precisely the
tense (or “tenser” or “tensest”) diatonic tetrachord genus (Barker 1990, 166), was privileged—not
only realized by cycling perfect 4ths and 5ths among 6 tones, but also dealt with first, so that other
genera (soft diatonic as well as chromatic and enharmonic) could be understood as products of
successively altering individual fundamental frequencies and, as a consequence, individual
fundamental-frequency ratios (Barker 1990, 139; Franklin 2002, 447). Finally, it should be
emphasized that the Mesopotamian tuning instructions provide no explicit basis for conflating the
term “zakû” with later notions concerning “consonant” intervals. Instead, a dictionary entry for
“zakû” might merely provide “audibly smooth, i.e., not rough” as its translation and specify threeand four-string-step dichords for tuning as its known literary context. Similarly, the “sammû”
might be identified as a lyre or harp employed in tuning, that is, a “tuner,” an instrument for
tuning.
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Footnotes
* I would like to thank Sam Mirelman and an anonymous reviewer for this journal for their helpful
comments on an earlier version of this article.
Return to text
1. Based on:
1. Nabnitu 32 (=U 3011=UET VII 126), i, lines 1 to 10: see, e.g., Kilmer 1960, 274–275; Duchesne-Guillemin
1963, 3–7; Kilmer 1965, 264–65; Wulstan 1968, 216–17; Kilmer 1971, 133; Wulstan 1971, 366–68; Crocker
1978, 100; Dumbrill 2005, 27; Mirelman 2013, 46; Kilmer 2014, 95.
2. ii. N. 4782: see, e.g., Crocker and Kilmer 1984, 82; Dumbrill 2005, 27–29, 70–72; Mirelman 2013, 46; Kilmer
2014, 95.

Note that YBC 11381 identifies these strings by numbers, from 1 to 9 (Payne 2010, 292–293),
whereas i and ii employ Sumerian and Akkadian designations.
Return to text
2. Based on CBS 10996: see, e.g., Kilmer 1960, 278–281, 298–300; Kilmer 1965, 265–67; Wulstan 1968,
216–18; Kilmer 1971, 134–135; Wulstan 1971, 366–68; Dumbrill 2005, 37; Mirelman 2008; Mirelman
2010, 49–50; Mirelman 2013, 52, Kilmer 2014, 95.
Return to text
3. Gurney 1968, Wulstan 1971, 368–70, Kilmer 1971, 140, Gurney 1994, 101–4; Dumbrill 2010, 110,
Fig. 8.
Return to text
4. Mirelman and Krispijn 2009; Mirelman 2013, 47, Fig. 2.
Return to text
5. Inscribed on CBS 1766 (Dumbrill 2017, 27–28; Dumbrill n.d., 1–2), where the numbers from 1 to 7
(Horowitz 2006, 38) are aligned with Mesopotamian names of the first seven strings in Nabnitu 32
and N. 4782 (Waerzeggers and Siebes 2007, 43–44).
Return to text
6. Wulstan 1971, 220–23, Gurney 1968, 229–33, Kilmer 1971, 140–42, Gurney 1994, 101–4, Dumbrill
2005, 47.
Return to text
7. The order of the six zakû dichords in which the name of the first dichord is same as the name of
the tuning is in plain typeface. The first of the six zakû dichords is highlighted by a pair of filled
cells; the la-zakû dichord in each tuning is highlighted by bold typeface.
Return to text
8. Välimäki et al. 1996, 343, Fig. 21, Penttinen and Välimäki 2004, 1208, Figs. 1 and 2, Nakai and
Kawaguchi 2006, 1, Fig.1, Roberts 2015, 19, Fig, 2.1, Burg et al. 2016, 19, Fig. 2.12, and Russell 2004–

11.
Return to text
9. Each pair of tones lasts three seconds. The lower tone’s fundamental frequency remains the same
whereas the upper tone’s fundamental frequency increases from the 1st to the 11th. The sounds of
these tones are generated by means of Audacity Team (2018) software and can be heard at Audio
Example 1.
Return to text
10. The tone-pairs’ magnitudes range from approximately a unison to approximately an octave.
The roughness values (y-axis) were measured using the default, midpoint settings of the interactive
online software of Vassilakis and Fitz (2007: see also Vassilakis 2001). The measured tones,
comprising six harmonic partials of uniform amplitude, were generated by means of Audacity
editing software 2.3.0 (Audacity Team 2018).
Return to text
11. From left to right, in the nine tone-pairs, the relevant harmonic of the upper tone differs from its
counterpart in the lower tone by -12, -9, -6, -3, 0, +3, +6, +9, and +12 Hz, resulting in 12, 9, 6, 3, 0, 3, 6,
9, and 12 undulations per second. The tone-pairs were generated and their roughness was
measured as specified for Example 7, above. The sounds of these tone-pairs can be heard at Audio
Example 3.
Return to text
12. In this regard, Josh McDermott and colleagues (2016) found that among the Tsimane', an
indigenous Amazonian group who had not encountered European-derived idioms or produced
polyphonic music, sounds varying in roughness resulted in valence judgments that resembled
those of Westerners and concluded that an aversion to roughness is apparently present crossculturally. Moreover, a more recent study by neuroscientists Marine Taffou and colleagues (2021)
has concluded that roughness produces aversive responses. To be sure, as the Amazonian study
shows, the extent to which such responses and valence judgments are deployed in musical practice
can differ from one setting to another, a feature of musical behavior McDermott et al. specify as
“aesthetic.” Nonetheless, the present study insists only that such responses and judgements are
accessible cross-culturally and hence could have been relevant to Mesopotamian tuning.
Return to text
13. The present point obtains for any analysis where the “real” values of interval magnitudes are
considered, without qualification, to be rational numbers, as they have been since Plato’s Timaeus :
cf. Plato’s Cave.
Return to text
14. The present study insists that a zakû dichord might comprise several values close to a certain
ideal fundamental-frequency ratio rather than a single value. Whereas Aristoxenus would agree
with this position, Pythagoreans would not.
Return to text
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