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The octave interval is one of the central concepts in musical acoustics. In a physical sense, it indicates a
2:1 relation between two tones, and it is common for most tuning systems. In contrast to the physically
based frequency ratio, the frequency ratio that is subjectively perceived as octave has been found to differ
from the physical octave. This phenomenon has originally been identified before the 20th century, and
more studies have on this topic has been carried out particularly in the 1950s and 1970s. However, most
of the research has been conducted from a psychoacoustical perspective with pure tones, whereas
complex tones would represent natural instrument sounds more accurately. This paper presents results
from a listening experiment where the subjects adjusted pairs of complex tones to match their perception
on the subjective octave over a wide range of frequencies. The analysis compares the current outcome to
the well-known octave stretching effect found in the conventional tuning of pianos.

1 Introduction

The octave (frequency ratio of 2:1 or 1200 cents) is a special interval in both musical and scientific sense. In music, it
divides the musical scale of tones to the pitch chroma, which is the framework for Western tonal music system [1]. As a
scientific tool, it has particular benefits: the octave is a perfect consonant interval and represents identical frequency
ratio independent of different tuning systems, such as equal temperament, Pythagorean, or Just Intonation. The
evaluation of the octave interval is comparably easy for human listener due to chromatic pitch class equivalence.
Several psychoacoustic studies [2-13] have reported relatively small, yet significant deviation from the mathematically
correct (1200 cents) physical octave (PO). As the general trend, this stretched subjective octave (SO) is slightly larger
than the physical octave. Earlier works on this topic have applied either sinusoidal or synthetic complex tones as
stimuli. This paper presents initial observations from controlled experiments that explore the octave stretching with
sampled orchestra instrument stimuli.

A practical consequence of the SO is that the whole musical scale stretches to accommodate the enlargement from PO.
That is, the size of semitones should gradually increase as one progresses farther away from the reference tone. Thus,
the bigger an interval between two tones, the bigger is the deviation of the interval from the mathematical tone scale (or
a reference scale used in traditional tuning machines). This also means that the stretched musical scale is not perfectly
cyclic like the mathematical scale. The most common example of stretched musical tone scale is present in tuning of
pianos [14] due to the inharmonicity of the overtones [15]. The magnitude of this phenomenon is illustrated in Fig. 1.
However, inharmonicity explains only stretch in low register in a grand piano. High register strings of grand pianos are
claimed not to have significant inharmonicity, but the scale stretches in a manner similar to the bass register [16].
Sundberg argues that scale stretching and inharmonicity in pianos is unwittingly reminiscent [17].

Stretched musical scale is a crucial part of music perception and musical experience. However, its existence is mostly
obscure due to lack of knowledge. For a musically aware listener able to distinguish pitch with average precision, music
played with unstretched (i.e. mathematically tuned) scale may sound out of tune. An experienced musician may use
stretched tuning unconsciously [18-20]. Besides soloists, this effect applies naturally for ensembles as well. The second



author (JJ) has an extensive career of over 25 years of professional oboe playing in Helsinki Philharmonic Orchestra.
According to long-term observations, in a symphony orchestra it is mandatory to play high register notes higher than in
mathematical tone scale. Same phenomenon can be seen in low register with downward tuning adjustment in order to
avoid sounding out-of-tune. The higher a note, the more stretching upwards is needed. A tuning reference, A4 or 440Hz
(442Hz in our study) divides the scale to upper and lower half. In practice, all notes below A4 should be lower than in
mathematical scale and, vice versa, all notes above A4 should be higher. This principle has also been reported by
Terhardt [21]. The stretched scale represents the lowest layer in intonation system. Above that concept is harmonic and
melodic intonation layer (similar to temperaments in piano). The stretched scale layer is assumed mainly constant,
whereas the intonation layer is highly musical context dependent.
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Figure 1: Railsback piano tuning curve and two cubic polynomial approximations. Railsback data has been traced with
image processing from published facsimile. Polynomial variable y denotes the deviation from theoretical tuning in
cents, whereas X is the pitch distance from A4 in octaves.

2 Methods

The subjective octave enlargement was explored with a listening test. The subjects listened to pairs of complex tones
alternating every second. The task for the subjects was to adjust the higher tone according to their perceived SO. The
tone pairs ranged all possible octave multiples from single octaves up to six-octave interval as enabled by different
orchestra instrument types, while the analysis focuses on the single octave intervals.

2.1 Listening experiment

The listening test was conducted with dichotic listening in sound-isolated booths. The tuning adjustment was
implemented as keyboard presses which switched between 41 pre-calculated increments over the range of [-72 —+72]
cents with respect to the mathematically perfect octaves. In order to provide a wider adjustment range without
increasing the number of tunings, the increments were slightly larger outside the range of [-36 +36] cents, where the
resolution was 3 cents. Between 36 and 52 cents the increment was 4 cents, and 5 cents beyond that. This non-linear
adjustment resolution was not disclosed to the subjects. The test procedure including the user interface and audio
playback was programmed in Max environment (Cycling'74, CA, USA). The test routine prompted for a short break to
be taken every 60 trials. A designated duration for the entire experiment, including the audiometry and breaks, was
approximately 3 hours.

2.2 Stimuli

The stimuli represented five groups of typical orchestra instruments: flutes, single reed woodwinds (i.e. clarinets),
double reed woodwinds (i.e. oboe and bassoons), brass, and strings. The presented tones spanned the typical compass of
each instrument group, including the low- and high-register versions of different instruments. The spectral content of



the instrument sound varies with playing dynamics. This effect was taken into consideration by including three nominal
dynamic levels (pp, mf, and ff) from each instrument.

The stimuli for the listening experiments were built upon a steady-state wavetable synthesis. The signals were mostly
gathered from a database compiled for professional music production (Vienna Symphonic Library GmbH, Austria). The
database contains sampled voices from common orchestra instruments. The samples are recorded professionally in an
acoustically controlled studio (manufacturer reports a 0.8 s reverberation time) over a wide range of pitches. Additional
samples for the experiment were captured by the authors with professional musicians. The generation of the signals
consisted of the following procedure: First, the waveform of a particular tone was upsampled to the sample rate of 384
kHz, after which a single wave period was isolated with Wavelab software (Steinberg GmbH, Germany). Second, the
waveforms were imported to Matlab environment for accurate regulation of the pitch. The fundamental frequency was
adjusted to the nominal equal tempered pitch re. A4=442 Hz by replicating the single wave period to 2-second length
and iteratively resampling the waveform. The entire process resulted in an accuracy of <0.003 cents. Similar approach
was used to create the detuned versions for the range of adjustment. Signal amplitudes were equalized with C-weighting
to the same value as the note A4 with flute in the respective playing dynamics. The prepared signals were resampled to
the presentation sample rate of 48 kHz, truncated to a length of 1 s, and onset and offset transients were tapered with 35
ms fade-in and fade-out.

The instrument tones included in the final experiment configuration were A0-A6 and Eb1-Eb6 (brass), A1-A6 and Eb1-
Eb7 (clarinet), AO-A6 and Eb1-Eb6 (double reeds), A3-A7 and Eb4-EDb8 (flutes), and A0-A7 and Eb1-Eb8 (strings). All
octave combinations within particular instruments, A and Eb tones and three dynamic levels yielded a total number of
552 trials. The average equivalent A-weighted sound pressure level over all presented stimuli was 72 dB.

2.3 Subjects

Due to the inherent difficulty of distinguishing smallest deviations in the sizes of octaves, some musical background is
necessary. The experiments employed a total of N=36 both professional as well as amateur musicians (7 females, 29
males, ages 20-64, mean 45.6 years, std 12.3 years). Half of the participants were professional and other half amateur
musicians. Both authors were included in the amateur and professional groups, respectively. Professional musicians
were from Finnish symphony orchestras of the highest level, or work as teachers or professors in Sibelius Academy. All
of the hobbyist musicians had long instrument background and good knowledge in music theory and terminology. Most
of them play in amateur symphony orchestras and few of them have been graduated from the second grade music
schools. The standard audiometry did reveal some issues which, however, can be regarded typical for the participants’
occupation, instrument, or individual background.
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Figure 2: Overall results of the listening experiment accompanied with data extracted from a literature survey [2-8,
11,12, 22]. Dots indicate the mean value in cents for single octaves above each tone marked on the horizontal axis. The
light shaded area denotes one standard deviation above and below the mean values, and darker area shows the 95%
confidence intervals. Whiskers for the literature values display the reported standard deviation if reported for respective
experiments.



3  Results

The experiment produced a total of 19872 data points which includes all single and multi-octave intervals. However, in
the scope of the current paper we focus on the single-octave intervals. Octaves with the lower tone exceeding the pitch
of Eb6 (fundamental frequency of 2500 Hz) appeared particularly difficult to judge and adjust. For this reason, the
inspection was restricted to the octave intervals with the lower tone between A0 — Eb6. This portion of the data contains
5940 tone pairs. The main results of the SO enlargement are shown in Fig. 2. First, we observe that the mean SO
matches the PO only at the lowest octaves. Beginning from Ebl the mean tuning value exceeds the PO by
approximately 7 cents. Above A4 the enlargement of SO follows a steadily increasing trend towards the high register.
The standard deviation over all independent variables is fairly large. The highest standard deviation occurs at the pitch
extrema, as noted above. However, a considerably high number of responses yield narrow confidence intervals for the
population mean estimate.

Figure 1 also includes data reported in comparable literature [2-8, 11,12, 22]. Due to absence of actual number values,
some data has been estimated from published figures, or converted from various frequency ratio units to cents. A
tentative comparison suggests that the current results provide a substantially more stable pattern for SO across
frequencies. In addition, current results on the SO are relatively conservative in comparison to data shown in earlier
publications. The octave enlargement obtained with complex tones appear to correspond to current data better than
experiments conducted with sinusoid stimuli, especially in the middle and high registers. It is worth noting that the
current experiment contains prominently more subjects and repetitions for each tone than the preceding publications.
The highest number of subjects in studies applying complex tones has been reported by Terhardt (N=6) [5]. In contrast,
the data points in Fig. 2 comprise a minimum of 216 values (2 instruments x 3 dynamics x N=36). Some of the cited
studies have similar standard deviation over the results as the current data. Here, it is possible that the relatively high
variability of subjects can inflate the standard deviation around the mean.

3.1 Tuning curve for orchestra instrument spectra

The conducted experiment yields a series of adjusted octave tunings using the lower tone as the reference. This raw data
provides information on stretching of specific octave intervals. On the other hand, the aim is also to estimate a tuning
curve based on the tuning values obtained with various orchestra instruments. Estimating the tuning curves over the
tested range of tones is based on the assumed additivity property of octave tuning as formulated by Ward [3]. This
means that the tuning values for adjacent SO can be combined for multi-octave intervals, i.e. SOas-a5+SOas5.46=SOa4-p6.
Hence, the stretching of single octaves becomes accumulated for the respective multi-octave interval.
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Figure 3: Detailed scatter plot of the results converted to an average tuning curve according to the octave additivity.
Individual data points have been treated with horizontal and vertical jitter within the frequency and tuning adjustment
resolution for readability. Triangles show the grand mean for each respective fundamental frequency. Shaded area
expresses the 95% confidence interval for the sample means. The solid line shows the Railsback piano tuning curve [14]
as the fitted cubic polynomial (see Fig. 1) for comparison to the experiment data.



The stretching curve is calculated upon a reference point, i.e. the tuning center. Since A4 is the standard pitch reference,
it is a natural choice as this point. Single-octave interval tuning values above and below the center are stacked according
to the additivity assumption. As all trials in the experiment were conducted by adjusting the higher tone, the tuning
curve values for pitches below the reference tone are inverted to always accumulate the octave stretching away from the
tuning center. The algorithm starts at the tuning center and progresses to the low and high octave extrema according to
the assumed additivity of tuning values. This procedure is repeated separately for data on each combination of subject,
instrument, and dynamics. That is, each condition of independent variables has its own tuning curve.

Since octaves of one tone only give a relatively sparse sampling of the overall compass of pitches, the above procedure
is repeated equally for both A and Eb —based octaves, where the tuning center for the latter is Eb4. In order to
incorporate the Eb-octaves to the stretching curves of A-octaves, the tuning values obtained for all Eb notes are adjusted
by a constant, which is obtained as the interpolation between the tuning values between the adjacent values for A-notes,
that is, A3 and A4 (tuning center). This approximation assumes that the octave stretching occurs linearly within the
region of interpolation, which appears reasonably valid based on the gathered data (see Fig. 2).

Figure 3 illustrates the tuning curve profile across tested frequencies. In essence, the mean values indicate how much
the notes played by a musician should deviate from the exact mathematical tuning in order to agree with the
subjectively perceived octaves. It should be noted again that the single points shown in the diagram represent different
combinations of instrument timbres, dynamic levels, as well as individual subjects. In the initial survey of gathered data
it was seen that different subjects yielded highly varying trends in their tuning curves. This effect largely explains the
wider spread of values visible in the low and high register.

Compared to the Railshack piano tuning curve, the mean values suggest a different behaviour in the low register. This
observation is expected, as the lowest piano strings exhibit substantial inharmonicity. However, the method used in
producing the stimuli in the current experiment ensures a perfect harmonic spectrum. In contrast, middle and high
registers of the current results follow the general profile of the Railsback curve. Assuming that the polynomial model
for Railsback data, compared in Fig. 1, is fairly accurate approximation of the true Railsback curve, we can observe that
the conventional piano tuning does not entirely fit within the confidence interval for stretched tuning now seen suitable
for orchestra instruments.

4  Conclusions

This paper presented the overall outcome of a listening experiment studying the octave stretching phenomenon with
complex tones that correspond to spectral envelopes of different orchestra instrument groups. In comparison, preceding
studies have applied either sinusoidal or synthetic complex tones. The listening test produced an unparalleled amount of
data on subjective perception of octave tuning. The data was compared to numerous literature sources reporting
comparable experiments in the past. Currently presented experiments yielded a more conservative effect for the
subjective octave enlargement than literature sources. Conversely, the results were more consistent over an extended
range of frequencies.

The experiment data were converted into an average tuning curve for orchestra instruments in a manner of traditional
piano tuning curve. Tentative comparison suggested that the Railsback curve is not accurately applicable for orchestra
instruments. In the bass register the stimuli did not have an inharmonic overtone series like found in the lowest piano
strings, which offers a natural explanation for the difference between the tuning curves. However, above the middle
register the increasing stretching trend was nearly comparable to the Railsback curve. Earlier studies [23, 24] suggest
that the piano tones above C4 would have increasing degree of inharmonic behavior, which would then explain the
tuning curvature. However, a similar trend was observed here with harmonic stimuli. This discrepancy provides an
avenue for investigating the neurological phenomena related to pitch perception [25]. Unfortunately, the original
Railsback data appears to be lost, based on the present authors’ investigation.

The presented results are encouraging regarding further exploring the octave enlargement effect. The collected data
offers a fruitful ground for future research, where the effects of multiple variables could be modeled for better
understanding of the subjective octave and the preferred tuning curve for the orchestra instruments.
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