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Abstract: Sléndro is a distinctive Javanese pentatonic scalar system about which no established musical theory has 
thus far been able to offer a valid explanation regarding its acoustic foundation.  Since the mid-1980s, scholars 
began to realize that the intervallic features of the sléndro can be developed as an effect of inharmonic spectra of 
the metal instruments that constitute the basis of the tradition (Li 1986, Sethares 1998, Schneider 2001). Furthering 
previous theories, it is concluded in this essay that the inharmonic spectrum of the bonang (an essential knobbed 
gong instrument) appears to be the necessary element in the creation of the sléndro system. Nevertheless, the 
variability found in the system, another special feature, cannot be accounted for by this alone. Rather, it must 
additionally be via the involvement of the harmonic spectrum and the interplay between the two spectra, that the 
nature of the scale can be properly explained. Octave variation and stretch of the sléndro may also be accounted for 
by the interference of the spectra. 
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1   Introduction 
Sléndro is commonly described as a nearly equal-
pentatonic scale of Javanese gamelan and its 
intervals are so distinctive that their formation cannot 
be explained by Pythagorean, Just Intonation, and 
Western Tempered theories (Lentz 1965, p.62). Since 
the mid-1980s, scholars began to realize that the 
intervallic features of the sléndro can be developed 
as an effect of inharmonic spectra of the metal 
instruments that constitute the basis of the tradition 
(Li 1986, Sethares 1998, Schneider 2001). It has been 
noticeably asserted that the inharmonic spectrum of 
the bonang, a set of knobbed gongs, of the gamelan 
ought to be the factor particularly responsible for 

causing the special features of the sléndro (Sethares 
1998, p.187). Other than relating the scale to an 
artificial dissonance curve from mingling the 
inharmonic spectrum with harmonic spectrum on an 
arbitrarily selected pitch, no direct connection 
between the intervallic features of the sléndro and the 
inharmonic spectrum was made.  

This paper is an attempt to understand the 
rationale for the sléndro scale, but based on a 
hypothesis different from those of previous studies. 
The intervallic features of the sléndro scale will be 
understood as an outcome of interplay between the 
inharmonic spectrum and its harmonic counterpart 
that must take place in the process of actual tuning. 
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This is because, while the inharmonic spectrum is an 
essential auditory element in the soundscape of the 
gamelan music, the harmonic spectrum is also 
noticeably evident and ever sustaining.  It is heard 
not only in the voices of singers and of musicians 
when humming in order to recall estranged melodies 
(Sumarsam 1984, p.262), but also in the open strings 
of the rebab, the leading bowed lute instrument of 
the gamelan orchestra. The fact that these strings are 
always tuned to the perfect fifth suggests that 
Javanese musicians enjoy the same sense of 
consonance (as their western counterparts) when 
tuning their instruments. The Sléndro scale will be 
constructed directly with both spectra and the reasons 
for two other salient features of the scale, namely the 
tuning variability among different gamelan 
ensembles and the tendency for octave stretching, 
will be explored from the same perspective.  
 
 
2   The Sléndro Scale  
The Sléndro scale differs from a regular pentatonic 
scale in three aspects. First, no interval of adjacent 
tones of the sléndro is a major second and a minor 
third that we see in a common pentatonic scale.  The 
intervals of the sléndro are always larger than the 
major second but smaller than the minor third of the 
regular pentatonic. Second, the sizes of the intervals 
are not standardized and, while all have the character 
of the sléndro, the tuning of the intervals varies from 
one gamelan orchestra to another.  Third, the octave 
frequently tends to be larger than the one universal. 
These distinctive features have been shown clearly in 
a number of scholarly works (Kunst 1934, Hood 
1966, Surjodiningrat et al. 1972, Martopangrawit 
1984). Figure 1 presents the measurements of ten 
sléndro scales obtained by Indonesian scientists with 
electronic apparatus. The numerals in the row on the 
top are the names of the tones used in sléndro, the 
figures of five columns under the names of tones are 
cent values of intervals between adjacent tones, the 
figures in the column on the far left are virtual labels 
of different sléndro scales, and the figures of the 
column on the far right are cent values of the octaves 
of the sléndro scales. 
 
 
 
 
 
 

Figure 1   Measurements of ten (10) sléndro scales.  (After 
Surjodiningrat et al. 1993, p.50-51).  
 
 While we do not find intervals of the tempered 
major second (200 cents) or the minor third (300 
cents), we see intervals fluctuating between 214c (the 
smallest interval in sléndro G. 3) and 275c (the 
largest in sléndro G. 9). Seven sléndro scales have 
octaves larger than the common one (1200c ) and the 
one of scale G. 9 is 1231, which is greater than a 
third of a regular semitone.    
 
 
3   The Spectra 
3. 1   The Inharmonic Spectrum 
The inharmonic spectrum that is chosen for this study 
is that of the “generic” bonang produced by Sethares 
(1998, p.173).   

The bonang is an essential instrument of the 
Javanese gamelan ensemble. Consisting of two rows 
of five (or six) knobbed gongs spanning two octaves 
(or the additional gong exceeding the octave) of the 
sléndro scale, its pitches are situated in the middle of 
the entire range of the gamelan orchestra. It is the 
instrument that plays the introduction of a 
performance in hard-playing style, and it plays a 
discernibly syncopated variation of the skeletal 
melody during the course of the performance.  

Since it is made manually, the physical 
construction of the bonang may vary and so 
consequently does the inharmonic spectrum.  
Nevertheless, the overall structure of the spectrum 
remains consistent. Figure 2 shows the ratios of the 
first four partials of the generic bonang and the 
hypothetical pitches that may inform the intervallic 
relations between the partials. Numerals with signs in 
the bottom row are cent values indicating the 
magnitude of deviations of these partials from their 
counterparts in the equal temperament system 
designated by the alphabets.  

Tone 1 2 3 5 6 7 Octave
G. 1 237 234 255 243 244 1213

G. 2 240 250 230 249 259 1228

G. 3 228 221 247 253 244 1193

G. 4 252 232 245 232 251 1212

G. 5 251 238 241 236 252 1218

G. 6 236 250 246 240 255 1227

G. 7 216 254 234 251 246 1201

G. 8 229 225 254 236 256 1200

G. 9 219 248 247 242 275 1231

G. 10 235 228 260 234 267 1224
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Figure 2   Ratios of first four partials of the generic 
bonang knobbed gong and their corresponding pitches.  
(After Sethares 1998, p.183). 
 
 
3. 2   The Harmonic Spectrum  
The harmonic spectrum selected is that of the string 
and the human voice. The first six partials of the 
spectrum are usually thought to be essential in 
determining the pleasant intervals that we hear in 
Western music. However, some studies suggest that 
the level of consonance resulting from an interval 
determined by partial 6 and 7, and 7 and 8, appear in 
proximity to the one derived from partial 5 and 6 (a 
natural minor third) (Dowling & Harwood 1986, 
p.84).  Thus, I will choose the partials before partial 8 
of the harmonic spectrum as meaningful figures in 
my analysis.  Figure 3shows the first eight partials of 
the harmonic spectrum and hypothetical pitches that 
may tell us the intervallic relations between the 
partials. Numerals with signs in the bottom row are 
cent values indicating the magnitude of deviations of 
these partials from their counterparts in the equal 
temperament system designated by the alphabets. 
Figure 3 shows ratios of the first eight partials and 
their corresponding pitches. 

Figure 3   Ratios of the first eight partials and their 
corresponding pitches.   
 
 
3. 3 A Note on the Theory of Tuning  
The relationship among the higher partials of 
different tones plays a very important role in interval 
determination. One study has shown that tones most 
likely to be chosen are those whose higher partials 

coincide, and this is so not only in the case of tones 
of the harmonic spectrum but also tones of the 
inharmonic spectrum (Geary 1980, p.1785). Hence it 
ought to be presumable that the pitch to be 
determined may become unstable or altered if higher 
partials of the tone are interfered in one way or 
another by partials or tones with close but different 
frequencies.  

Pitches of different frequencies may be perceived 
as the same if the distinction is too small to be 
noticeable.  Some studies (Burns 1999, p.228) 
suggest that the average ability of pitch 
discrimination among Western trained musician is a 
difference of 16 cents. Due to a lack of reference 
regarding the pitch sensitivity of Javanese musicians 
and the fact that the precision of pitch production is a 
particular object of study in Western music training, 
it appears to be safe to adopt the difference of 16 
cents as the just noticeable difference reference in 
this study if we assume that the hearing of 
professional Javanese musicians’ is not any keener.   
 
 
4   Constructing Sléndro Scales  
4. 1   Forming a Sléndro Scale with the 
Inharmonic Spectrum 
If we have five tones, all of which are of the 
inharmonic spectrum of the bonang and set them in 
such a way that some of their partials may coincide, 
we will arrive at a pentatonic scale in which intervals 
between adjacent tones are either larger than the 
major second or smaller than the minor third. 
Labeling the tones with pitch names as those in 
Western music, we will see that, except the initial 
tone, all pitches are higher than their counterparts in 
the tempered system.  Figure 4 shows the 
hypothetical pitches of the five tones when some of 
their partials become matched. 

Herein we see that the pitch of Tone 2 is raised 
16 cents higher from pitch D on the piano (D), and 
partial 3 of Tone 2 coincides with partial 4 of Tone 1 
(b+65= c′-35). The pitch of Tone 3 is raised 32 cents 
higher from E, and partial 3 of Tone 3 coincides with 
partial 4 of Tone 2 (c′#+81=d′-19). The pitch of 
Tone 5 is raised 24 cents higher from G, while partial 
1 of Tone 5 coincides with partial 2 of Tone 1 
(G+24=G+24).  The pitch of Tone 6 is raised 40 
cents higher from A, while its first partial coincides 
with partial 2 of Tone 2 (A+40= A+40). As well, 

PARTIAL  1st 2nd 3rd 4th

RATIO 1 1.52 3.46 3.92

PITCH C G+ 24 a+ 49 c'-35

PARTIAL  1st 2nd 3rd 4th

RATIO 1 2 3 4

PITCH C c g c'

PARTIAL  5th 6th 7th 8th

RATIO 5 6 7 8

PITCH e' g'+ 2 b'b-33 c"
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partial 3 of Tone 6 coincides with partial 4 of Tone 5 
(f’#+89=g′-11).   

Figure 4   Tones of the five-tone scale and the relations 
among their partials. 
 

Hence, as the range of between-adjacent-tone 
intervals is from 214c to 275c while the intervals 
between adjacent tones of a pentatonic scale in the 
equal-tempered system are either 200c or 300c, it can 
be certain that the resultant pentatonic scale from 
Figure V must be heard as deviating from its 
counterpart of the tempered system while identifying 
with a sléndro. The figure of this pentatonic scale 
will be shown in Figure VII below and let us call it 
Hypothetical Sléndro 1.  
  
 
4.2   The Effect of Harmonic Spectrum 
More possible sléndro like scales can be derived 
from our Hypothetical Sléndro 1 when the harmonic 
spectrum is taken into consideration in the partial 
matching process.  For instance, the distance between 
the pitch of Tone 2 (D+16) and the pitch of partial 2 
of Tone 5 (d+48) is 1232 cents, that is, 32 cents 
larger than the octave (1200c).  Since partial 2 in the 
harmonic spectrum is an octave (1200 cents) above 
the fundamental, a sense of unease or disturbance 
may occur to the ear if Tone 2 D+16 is sung when 
the partial 2 (d+48) in Tone 5 is perceived at the 
same time because of a frequency difference between 

the partial d+48 and the second partial of the 
harmonic spectrum d+16. The way to reduce the 
feeling of uneasiness is to raise partial 2 in the voice 
32 cents higher so that it can coincide with d+48.  
However, this can be done only by raising the 
fundamental 32 cents higher. Hence the interval 
between Tone 1 and 2 will become 248c.   
 In the meantime, a discomfort arises. When Tone 
2 is raised, partial 3 of Tone 2 is now 32 cents higher 
(i.e. b+98) and no longer matches with partial 4 of 
Tone 1 (c′-35, or b+65).  To prevent this situation 
from happening, Tone 2 now needs to be lowered; 
however, this conflicts with the need to raise the 
pitch D+16.  

As a compromise, given the threshold of pitch 
discrimination (16 cents), a pitch around D+32 could 
be a good candidate.  It is identifiable with both 
D+16 and D+48 and reduces the uneasiness caused 
from partial mismatching to the possible minimal. 
The result is a new pitch, D+32, and a new interval of 
232c between Tone 1 and Tone 2.  

Figure 5 illustrates the process of interval 
adjustments that can take place when the first two 
partials of the harmonic spectrum are interfering with 
the relations between Tone 2 and partial 2 of Tone 5 
of the Hypothetical Sléndro 1. 

a)  

b) 
Figure 5   Tuning variations with interference of two 
components of the harmonic spectrum.  
a)  Pitches of partials of Tone 2 (D+16) (INTERVAL 1) 
when it is sung and their ratio (RATIO 1), and pitch of 
Tone 2 and partial 2 of Tone 5 (INTERVAL 2) and their 
ratio (RATIO 2). 
b)  Tone 2 adjustment (TONE), first two partials of Tone 2 
when sung (INTERVAL 1), original Tone 2 and partial 2 
of Tone 5 (INTERVAL 2), ratios between figures of row 
of PITCH 1 and PITCH 2 in columns, and intervallic 
relations between figures of INTERVAL 1 and 
INTERVAL 2 in columns.  

TONE 1
PARTIAL 1st 2nd 3rd 4th

PITCH C G+24 a+49 c'-35

TONE 2

PARTIAL 1st 2nd 3rd 4th

PITCH D+16 A+40 b+65 d'-19

TONE 3

PARTIAL 1st 2nd 3rd 4th

PITCH E+32 B+62 c'#+81 e'-3

TONE 5
PARTIAL 1st 2nd 3rd 4th

PITCH G+24 d+48 e'+73 g'-11

TONE 6
PARTIAL 1st 2nd 3rd 4th

PITCH A+40 e+64 f'#+89 a'-5

TONE 7
PARTIAL 1st 2nd 3rd 4th

PITCH c g+24 a'+49 c"-35

TONE D+ 1 6 D+ 4 8 D+ 3 2

I NTERVAL 1 D+ 16 d+ 16 D+ 48 d+ 48 D+ 32 d+ 32

I NTERVAL 2 D+ 16 d+ 48 D+ 16 d+ 48 D+ 16 d+ 48

RATI O 1:1 1:1.0185 1:1.0185 1:1 1:1.009 1:1.009

CENT 
DI FFERENCE 0 32 32 0 16 16

INTERVAL 1 D+ 16 d+ 16

RATIO 1 1: 2

INTERVAL 2 D+ 16 d+ 48

RATIO 2 1: 2.038

Proceedings of the 7th WSEAS International Conference on Acoustics & Music: Theory & Applications, Cavtat, Croatia, June 13-15, 2006 (pp65-71)



5 

Tone 3 and 5 will be affected by the change to 
Tone 2.  For example, when Tone 2 is raised to 
D+48, partial 4 in its inharmonic spectrum will no 
longer be d′-19 but d′+13. To keep partial 3 of Tone 
3 matching with the raised partial 4 (d′+13), partial 3 
in Tone 3 must be raised 32 cents as well, becoming 
c′+113. This can be achieved by changing Tone 3 
from E+32 to E+66.  Also, Tone 6 will change from 
A+40 to A+72 so that it can continue corresponding 
to partial 2 of the raised Tone 2 (D+48).  

Identical tuning variations may also take place 
because of frequency interference between other 
partials of the harmonic and inharmonic spectra.  For 
instance, harmonic partial 3 (a′+18) of Tone 2 
(D+16) when sung (or contemplated on) is 31 cents 
lower than partial 3 (a′+49) of Tone 1.  To make the 
harmonic partial coincide with the inharmonic 
partial, Tone 2 (D+16) must be raised. Also, to 
reduce an uneasy sensation at the fundamental level 
caused by a perfect match between the two partials, a 
neutral pitch between D+16 and D+48 is a good 
choice.  

Due to the similarities in relationships between 
harmonic partial 3 of Tone 3 in the singing voice 
(when sung or contemplated on) and inharmonic 
partial 3 of Tone 2; harmonic partial 3 of Tone 6 
when sung (or contemplated on) and inharmonic 
partial 3 of Tone 5; and the pitch of Tone 3 (E+32) 
and that of Tone 6 (A+40) of our first hypothetical 
sléndro, variation and fluctuations are expected to 
occur to these tones independently when frequency 
interferences are sensed, regardless of whether Tone 
2 varies or not. Figure 6 shows pitch and partial 
relations between Tone 3 and Tone 2 and Tone 6 and 
Tone 5.  

Figure 6   Pitches of harmonics of Tone 3 (E+32) when 
sung (INTERVAL 1) and their ratio (RATIO 1) in contrast 
to pitches of Tone 3 (E+32) and of partial 3 (b+65) of 
Tone 2 (D+16) (INTERVAL 2) and their ratio (RATIO 1), 
and pitches of harmonics of Tone 6 (A+40) when sung 
(INTERVAL 1) and their ratio (RATIO 1) in contrast to 
pitches of Tone 6 (A+40) and of partial 3 (e+73) of Tone 5 
(G+24) (INTERVAL 2) and their ratio (RATIO 2). 
 

In addition, it is also possible that the variability 
of our Hypothetical Sléndro I is affected by 

intervallic relations between partials 6, 7 and 8 of the 
harmonic spectrum.  Matching harmonic partial 8 of 
a tone to partial 7 of another will result in an interval 
of 231c.  As it is only 15cents greater than the 
interval between Tone 1 (C) and Tone 2 (D+16), a 
rise in Tone 2 may take place because it will sound 
somewhat more pleasant in an acoustic context where 
pitch voicing is involved.  Matching harmonic partial 
7 and 6 will result in an interval of 267c.  The 
interval between Tone 3 (E+32) and Tone 5 (G+24) 
in our hypothetical sléndro will sound more pleasant 
if Tone 3 changes 16c, or more, to E+64 because the 
interval becomes 276c, or smaller, and almost 
identical with the interval between harmonic partial 6 
and 7.  
 
 
4.3   A Bewildering Variability 
The involvement of the harmonic spectrum results in 
the occurrence of more possible intervals.  Now we 
have eight intervals sized at 216c, 231c, 232c, 248c, 
260c, 267c, 276c, and 292c and we can make more 
hypothetical sléndro scales.  Figure 7 shows some 
theoretically possible sléndro scales based on the 
outcome of our analyses when keeping a fixed 
interval between Tone 1 and Tone 5 to the size of 
724c.  

Figure 7   Five hypothetical sléndro scales based on the 
analyses above while keeping a fixed interval between 
Tone 1 and Tone 5 to the size of 724c.  “H. Sl.” in the 
column on the far left stands for “Hypothetical Sléndro.”  
 

Although no intervals that are possible variations 
of these intervals are used in the Figure, and while 
these scales are not exactly identical to any of those 
showed in Figure I, the resemblance in overall scalar 
structure and variability between these scales and 
those used by real Javanese gamelan orchestras is 
evident.  
 
 
5   Octave Compressed and Stretched  
In Figure 1 we see that the octave of the sléndro 
varies to a considerable extent and, in spite of an 
evident tendency to stretch, a “compressed” octave 

Tone 1 2 3 5 6 7 Octave
H. Sl. 1 216 216 292 216 276 1216

H. Sl. 2 231 232 260 232 260 1215

H. Sl. 3 248 232 260 232 248 1220

H. Sl. 4 232 231 267 231 248 1209

H. Sl. 5 232 231 260 232 276 1231

INTERVAL 1 E+32 b+34 A+40 e'+42

RATIO 1             1: 3           1: 3

INTERVAL 2 E+32 b+65 A+40 e'+73

RATIO 2       1: 3.052     1: 3.052
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does occur.  This situation can be accounted for by 
the interplay and interference between pitches of both 
the harmonic and inharmonic spectra.  Several 
conditions may be responsible for the stretch 
tendency and variability.  

An octave stretch will occur by adding a fourth 
to Tone 5 (G+24).  Since it is 24 cents above G, the 
octave pitch c (1200c above the pitch of Tone 1 C) 
may sound with a noticeable roughness because, in 
voice, harmonic partial 4 (g´+24) of Tone 5 will be 
22 cents higher than harmonic partial 3 (g′+2) of 
Tone 7, or c.  Raising Tone 7 (c) will reduce the 
feeling of roughness so that the partials coincide; 
however, it will result in an octave of 1224 cents, or a 
Tone 7 that is 24 cents higher.  Also, an octave 
stretch will occur if the harmonic interval 7/6 (267 
cents) is imposed on Tone 6.  In the case where Tone 
6 is A+40, the octave will be 1207 cents, if it is 
A+64, the octave will be 1223 cents, and, if it is 
A+64, the octave will be 1231 cents, a stretch of 
nearly a third of a semitone.  In addition, further 
stretched octaves may also occur when intervals of 
large sizes are added up in the scalar structure.  

In the meantime, two acoustic conditions will 
keep the octave in place.  In voice, partial 2 of Tone 
1 (C) is c.  If the octave pitch is 1224 cents above C, 
it will sound sharp and uncertain since it misses 
partial c in Tone 1.  Also, a harmonic relation 
between Tone 5 (G+24) and the inharmonic partial 2 
of tone 7 (g+24) will help prevent the octave from 
stretching.  

Furthermore, the inharmonic partial 4 (c′-35) of 
Tone 1 may be a factor contributing to the 
compression of the octave.  Partial 2 of voiced Tone 
7 is c′. Since it is 35 cents higher than partial 4 of 
Tone 1, a sensation of disturbance may be noticed 
when Tone 1 is played and Tone 7 is sung.  Because 
of the stability of the inharmonic partial, the octave 
may get pulled back to a point considerably smaller 
than 1200 cents (e.g. 1165 cents, a -35 cent 
deduction).  Nonetheless, the potential effect of this 
condition appears to be rather minimal and this could 
be due to an overall tendency for the octave to stretch 
as called for by the way intervals and the scale are 
formed.  
 
 
6   Conclusion 
The analyses above demonstrate that the inharmonic 
spectrum of the bonang gongs is an inevitable factor 
in forming the distinctive features of the sléndro 

scale, and that there is a potential to derive varying 
sléndro scales just from the inharmonic spectrum of 
the generic bonang alone if more partials of the 
gongs are affective during the tuning process.  
Nevertheless, because matching or coincidence is an 
essential condition in interval formation, only one 
sensible version of sléndro is possible because some 
partials are not able to participate. It is the 
involvement of the harmonic spectrum that facilitates 
the creation of more channels by which the chance 
for more partials to contribute to the tuning process 
increases.  Also, the interference between the 
harmonic spectrum and members of inharmonically 
related intervals encourages the occurrence of 
variability in pitch determination.  

Octave stretch is a cross-cultural phenomenon 
and it has been attributed to different possible causes. 
However, given the range of varying octaves and the 
existence of compressed octaves in sléndro tuning, it 
is likely that the overall tendency for octave 
stretching in sléndro is caused by interplay and 
interference between the harmonic and inharmonic 
spectra because there are several acoustic conditions 
within which an octave-like interval can be created.  

To further our understanding regarding the 
formation and variability of sléndro tuning, the 
significance of the varying inharmonic spectrums of 
the bonang gongs needs to be investigated.  Although 
it is foreseeable that the variability of the inharmonic 
spectrum must play a role in the creation of the 
sléndro, due to its innate nature and the stability of its 
structure, it will be no surprise if the harmonic 
spectrum appears again as an indispensable element.  
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