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Abstract  
Professionals consider the differences in the timbre of bass tones between large grand pianos 
and small uprights as significant. By tradition this difference has been attributed mainly to 
lower inharmonicity in grand pianos, due to longer bass strings. In this study, the importance 
of the spectral envelope, representing the dynamic balance between high-frequency and low-
frequency energy in the spectrum, is contrasted against the importance of the level of 
inharmonicity. Results from two listening tests indicate that the inharmonicity is less 
important than the spectrum bandwidth in determining the timbre of piano bass tones.  
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1. INTRODUCTION 
Even a well-made upright piano of high quality is not considered appropriate for concert 
performances. A large grand piano is deemed to surpass an upright in all respects. This is 
due to several factors only few of which are clearly acoustical [1]. With regard to timbre in 
the bass, a grand piano is said to have “a brighter and mellower timbre,” “more powerful 
and projecting sound,” while in comparison, bass tones of a small upright might be referred 
to as “muffled, dull and inexpressive” [2-4].  

These perceived differences could be attributed to differences in the design. The most 
important differences in design pertaining to the favoured acoustical output of the concert 
grand piano are longer strings and a larger soundboard.  Longer strings make it possible to 
keep the inharmonicity in the bass range lower. A larger soundboard will have lower mode 
frequencies in general, and a higher mode density. As a ball-park value, the lowest 
soundboard mode frequency of an upright would be around 100 Hz, and for a large grand 
some 30 - 40 Hz lower. The modes below, let’s say 100 Hz, will give support for the 
fundamental and lower overtones in the two lowest octaves of the piano compass. The 
higher mode density would give a less irregular spectrum envelope for higher partials with 
less pronounced dips and valleys in the spectrum envelope. 

By tradition, the effect of inharmonicity has been assumed the most important factor 
influencing tone quality in the bass range. After having conducted the first measurements on 
the inharmonicity in real pianos, Schuck & Young [5] hypothesized that the lower 
inharmonicity in the bass range (due to longer strings) explains why musicians prefer the 
tone quality of a grand piano over that of an upright. Later, Fletcher, Blackham and Stratton 
investigated the perception of synthesized piano tones, and claimed that the inharmonicity 
was highly important for the “peculiar quality known as piano quality, namely, the live-ness 
or warmth of a tone” [6].   

Since Fletcher et al.'s statement, which seemed to suggest a strong perceptual basis for the 
hypothesis of Shuck and Young, it has became common to attribute the primary difference 
in perceived quality of bass tones of small vs. large pianos to the differences in string   
inharmonicity (see e.g. [7-8]).  Further experiments with synthesis of piano tones [9-11] 
have strengthened this point, showing that the inharmonicity strongly influences the timbre 
of a multi-component tone.  

In spite of many investigations on the physics of the string-soundboard interaction [12-20] 
there is still not enough experimental results available to assess the individual effects of 
string inharmonicity and soundboard properties on the timbral differences between small 
and large pianos. There is no easy way of separating the perceptual influence due to the 
effects of longer strings from the influence of a larger soundboard. In this study, two 
experiments are reported which give a starting point for further investigations of this 
important aspect of piano design.  
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1.1. String inharmonicity and number of partials vs. spectral bandwidth  
The classical formula describing the stretching of the frequencies of the transverse modes is 
(see e.g. [21]) 

 

 
where 

n    partial number 
f1 

o
   fundamental frequency of a flexible string 

fn  frequency of partial n 
B  inharmonicity coefficient, set by the string material, dimensions, and tension 

(tuning) 
 

An expression for the inharmonicity coefficient B, valid for plain strings and approximately 
correct  for wrapped strings [8],  is      
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E   Young’s modulus 
ρ   density  of plain string materiel (core material of wrapped string)  
d   string (core) diameter 
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µcore, µwr, µstr    linear density of the core, wrapping and whole string 
Mstr  mass of speaking length of string 

 
The simple relations between inharmonicity and string properties, in which the string length 
takes a prominent role, have inspired researchers to try to demonstrate the importance of 
inharmonicity on timbre by synthesizing piano-like tones for which only the inharmonicity 
coefficient B is varied [6, 9, 10]. Although such demonstrations appear quite convincing, 
they overlook one perceptually important parameter, which covaries with inharmonicity. 
That is the frequency range occupied by prominent partials in the spectrum, henceforth the 
spectral bandwidth [22]. 
  
In the bass section (about two lowest octaves) the inharmonicity coefficient B may differ a 
factor 5 between the same keys of an upright and grand piano [23]. The total variation range 
of B in this register has been reported as 60 - 160 .10-6  in a large grand, and 130 - 570 .10-6  

f nf n Bn
o= +1

21 (1)
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in a small upright. The spectral bandwidths for two tones with such widely differing B´s but 
with the same number of partials will differ largely. For a low piano bass tone the number of 
prominent partials N in a range of -60 dB below the strongest partial may well be above 100 
at high dynamic levels (see Fig. 1). Even in a 40-dB range below the strongest partial there 
will be as many as 70 – 80 partials. The spectrum of a bass tone with high inharmonicity (B 
≈ 600 .10-6) and about 100 partials will extend to a frequency more than twice as high as for 
a harmonic tone, adding a full octave to the spectral bandwidth (see Fig. 2).  
 
An increase of the spectral bandwidth changes the balance between high and low frequency 
energy and influences the brightness (sharpness) of the tone [24-27]. It seems possible that 
similar timbral differences could be obtained by just increasing the number of overtones 
without change of the inharmonicity coefficient. If so, the inharmonicity factor plays only a 
secondary role. To disambiguate the simultaneous influence of these two factors, we 
designed two experiments aimed at resolving the individual effects of inharmonicity and 
spectral bandwidth on timbre. Synthesized harmonic and inharmonic tones, as well as 
recorded real piano tones, were used.  
 
 
2. EXPERIMENT 1: Synthesized tones 

2.1. Synthesis  
Twelve piano-like tones with nominal pitch E1 (fo = 41.2 Hz) which varied in spectral 
bandwidth and inharmonicity were synthesized. Four values of spectral bandwidth Wi  (i = 1, 
2,3,4), ranging from 2.5 to 1.4 kHz, were combined with three levels of inharmonicity Bk 
(k = 1,2,3) see Table 1. The bandwidths represented typical values in real pianos, as outlined 
in the following paragraphs. The magnitude of the three values of inharmonicity coefficient 
B represented: (1) a harmonic spectrum, B1 = 0; (2) an inharmonicity close to the minimal 
value for E1 measured in grand pianos, B2 = 60 . 10-6; and (3) an inharmonicity close to the 
maximum values observed for E1 measured in poor upright pianos, B3 = 600 . 10-6 [23]. The 
number of partials necessary to fill a spectral bandwidth Wi at inharmonicity level Bk was 
denoted Ni,k.. As the string inharmonicity stretches the partials according to Eq.(1), fewer  
partials are required for filling a fixed spectral bandwidth the higher the inharmonicity 
coefficient.   
 
The widest bandwidth W1 (2513 Hz) corresponded to the spectrum of an E1-tone with about 
60 prominent partials, which is representative of the conditions immediately after note onset. 
The narrowest bandwidth W4 (1442 Hz) corresponded to the spectrum after 1 – 3 s of decay. 
The intermediate steps, W2 (1978 Hz) and W3 (1648 Hz), were chosen in such a manner that 
it was possible to achieve them in two ways; (1) by changing the inharmonicity coefficient 
without changing number of partials, and (2) by changing the number of partials without 
significantly changing the inharmonicity coefficient. This overlap allowed a convenient 
illustration of the individual effects of W and B, respectively, on perceived differences in 
timbre in the listening test. 
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The first principle using a constant number of partials was applied as to make Ni,3 = Ni+1, 1 
(marked in bold in Table 1). The harmonic tones W2,1 , W3,1, and W4,1 were thus generated 
with the same number of partials as the high-inharmonicity tone of the preceding larger 
bandwidth, using N = 48, 40 and 35, respectively. The second principle was used to generate 
the low-inharmonicity tones  W2,2 and W3,2 using approximately the same B as for W1,2 and 
W4,2 (60, 68, 75, 52 . 10-6 ; numbers in italics refer to W2,2 and W3,2), but with intermediate 
values of N (56, 45, 38, 34). 
 
The specific numbers were calculated as follows. Suppose a tone with a harmonic spectrum 
(B = 0) containing N harmonics of the fundamental f1 

o
.  Now we want to reduce the number 

of partials to Nx < N while keeping both the highest and the lowest partial frequencies - and 
consequently the spectral bandwidth - unchanged. This is achieved by selecting a Bx ≠ 0, and 
finding a proper lowering of the (unstretched) fundamental  f1 

o
 to a new value  f1x 

o. The new 
values are defined by  
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Equation (5) was solved numerically in order to obtain a solution with Bx close to the desired 
value while Nx being an integer. The resulting sets of B, N and  f1 

o for the 12 tones are given 
in Table 1. 
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 Bandwidth W1 

2513 Hz 
Bandwidth W2 

1978 Hz 
Bandwidth W3 

1648 Hz 

Bandwidth W4 

1442 Hz 

 W1,1 W1,2 W1,3 W2,1 W2,2 W2,3 W3,1 W3,2 W3,3 W4,1 W4,2 W4,3 
K 1 2 3 1 2 3 1 2 3 1 2 3 
 HARM LOW HIGH HARM LOW HIGH HARM LOW HIGH HARM LOW HIGH 

B  x 10-6 0 60 267 0 68 275 0 75 250 0 52 286 

N 61 56 48 48 45 40 40 38 35 35 34 31 

∆f1o 
  x 10-3 

rel 41.2 Hz 

0 -1.0 -5.5 0 -1.4 -5.7 0 -1.5 -5.2 0 -1.1 -5.9 

Table 1. Spectral bandwidth W, inharmonicity coefficient B, number of partials N, and (unstretched) 
fundamental frequency  f1 

o for 12 synthesized piano-like tones. The value for  f1 
o is given as the 

deviation (in mHz) from the nominal fundamental frequency for E1 = 41.200 Hz. The tones in 
shaded cells (bold) represent cases where different bandwidths were generated by the same number 
of partials. 
 
Since N must be an integer, it is inevitable to have some freedom in the B values in order 
reach the four chosen spectral bandwidths. For this reason the B values vary slightly 
between the four W cases. However, the B2 values (60, 68, 75, and 52 .10-6) remain close to 
the limits (60 – 90 .10-6), which have been reported as typical for an E1 note in contemporary 
large grand pianos [23]. Similarly, the B3 values (267, 275, 250, and 286 .10-6) vary 
essentially within the range (200 – 280 .10-6) typical of the maximum inharmonicity for E1 in 
contemporary small uprights. By the adjustment of the B values it was possible to keep the 
spectral bandwidth constant for the three notes corresponding to each W case, the spread 
being less than 1 Hz.  

The tones were generated by additive synthesis on a PC [28] according to the formula  

( )
1

( ) ( ) ( ) ( )sin 2 ( ) ( ,0) (7)
N

n
tone t A S n D n G n f n t nπ

=

= + Φ∑  

where  

A     gain  

t        current time 

n        partial number 

N      number of partials 

S(n)   = 1-n/(N+1)      slope factor 

G(n)  = 0.3 + 0.7sin2(2πn/15)     spectral grouping factor 

D(n)  = e-tn2/200                     decay factor 

f(n)= f1 
o n(1+n2B)0.5                 frequency of n-th partial  

Φ(n,0) = random[0,2π]                      starting phase of the n-th partial 
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The synthesis parameters A(n), G(n), and D(n) were chosen as to mimic the spectral 
properties of real piano tones as closely as possibly (see Fig. 3). The slope factor S(n) gives 
a linear spectral slope from the fundamental up to the N-th partial. The grouping factor G(n) 
gives a “formant-like” structure related to the striking point of the hammer with 7 – 8 
partials in each group, and the decay factor D(n) approximates the characteristic decay of 
piano tones with progressively faster decay of higher partials. The gain A was used for 
loudness equalization of the tones (see Sect. 2.2.4 and 3.2.4) 

 

2.2. Listening test 1 
2.2.1. Listeners. 
Eight listeners from the Queen's University community were recruited for this test. Three of 
the listeners were involved in loudness equalization. The remaining five listeners were 
involved in rating timbral difference. Music training of listeners was assessed by a point 
system. One point was awarded for each year of private instruction and a half point was 
awarded for each year of group instruction. Listeners had a minimum of 5 points, a mean of 
9.25 points (SE = 1.94), and typically had experience with 2 instruments and some 
continued activity in music beyond casual listening. Thus, listeners may be described as 
musically trained. 

2.2.2. Stimuli. 
The test tones were the 12 tones in Table 1 described above. The standard tone was the 
harmonic test tone with maximal spectral bandwidth (W1 = 2513 Hz; B1 = 0). Pairing each 
test tone with the standard tone created twelve tone-pairs. The duration of the test tones was 
1.0 s. Tone-pairs had an inter-tone separation of 0.1 s.  

2.2.3. Apparatus 
A PC Pentium computer running dedicated listening test software controlled the stimulus 
presentation and collection of responses [29]. Tones were presented using a small computer 
loudspeaker (Creative CS100), specified to be within ± 3dB across 20 - 20 000 Hz. The 
listening tests were conducted in a small office room (2 x 3 m) with concrete walls. 
Consideration of phase response of the loudspeaker presentation has been addressed in [11]. 

2.2.4. Loudness equalization. 
All tones were equalized for loudness based on the informal loudness scaling of one expert 
listener. The standard tone was presented with an intensity of 72 dB SPL as measured at the 
position of the listener. The listener was asked to iteratively adjust the amplitude of each test 
tone until it was equal in loudness with the standard tone. Two other listeners validated that 
the amplitude-adjusted test tones were equal in loudness.  

2.2.5. Procedure. 
The order of the test tone and standard tone within each pair was counterbalanced, allowing 
for 24 possible tone-pair combinations. The subjects’ task was to rate the perceived timbral 
difference in each tone-pair between 0 and 1000, using a scroll bar. Each tone-pair 
combination was rated 5 times, giving 120 trials for each subject. The order of presentation 
was independently randomized for each subject. 
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2.3. Results. 
Each subjects' test-tone ratings were collapsed across order of presentation and trials to 
obtain 12 timbral-difference scores. Fig. 4 is a plot of mean timbral-difference scores with 
reference to each test tone's spectral bandwidth (W1 - W4) and inharmonicity (B1 - B3). 
Examination of Figure 4 indicates that the effect of spectral bandwidth on perceived timbral 
difference is greater than the effect of inharmonicity. 
 
Two vectors with 12 items each were used to represent the respective levels of each 
independent variable: spectral bandwidth (1,2,3,4) and inharmonicity (1,2,3). Correlation 
analyses using each subject's timbral difference scores as the dependent variable confirmed 
that the effect of spectral bandwidth on perceived timbral difference is greater than the effect 
of inharmonicity. Specifically, for each subject, the correlation between spectral bandwidth 
and timbral-difference scores was significant (mean r [10] = .97, p < .001), but the 
correlation between inharmonicity and timbral difference scores was not (mean r [10] = .07, 
p > .1). Moreover, when spectral bandwidth and inharmonicity were regressed on each 
subject's timbral-difference scores, inharmonicity was never able to account for explained 
variance beyond that which was accounted for by spectral bandwidth alone. 
 
These findings lead us to conclude that spectral bandwidth, or the energy balance between 
high-frequency and low-frequency partials contributed to the perception of timbral 
difference to a greater extent than inharmonicity. Given that the tested levels of spectral 
bandwidth and inharmonicity span a range that is typical of real pianos, this conclusion has 
direct implications for perception of timbral differences in real piano tones. 
 

In summary, Listening test 1 indicated that when inharmonicity “competes” with spectral 
bandwidth per se, spectral bandwidth has the most influence on perceived timbral 
difference.  

 

 

3. Experiment 2: Real piano tones 

3.1. Hybrid tone 
To provide further support for the result of the previous listening test, experiments were 
conducted with a synthesized hybrid tone. Tones from a concert grand and a small upright 
piano, respectively, were used as prototypes for different parameters of the hybrid tone. 

The purpose was to discriminate between the spectral envelope, including spectral 
bandwidth, and inharmonicity factors in the timbre of bass tones of small vs. large pianos.  
As the most distinct timbral difference was expected to be found in the extreme bass, the 
lowest tone on the piano was chosen for the experiments.  

The hybrid tone had the pitch of A0 = 27.5 Hz and a duration of 1 s. The inharmonicity (B = 
160 .10-6) was set according to measurements on a concert grand piano (Steinway & Sons, 
model D, 2.74 m), and the spectral envelope, including the evolution during the decay, 
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imitated that of a small upright piano (Nordiska Pianofabriken, model Futura, 112 cm). It 
could be noted in passing that the inharmonicity of the upright piano (B = 560 .10-6) was 
three times higher than that of the Steinway grand.  

The hybrid tone was then synthesized using the same principles as in Experiment 1 (see 
Eq. 7). The imitation of the spectral envelope of the upright piano and its evolution was 
based on careful Fourier analyses of the recorded tone. The parameters of the formula were 
varied from one group of partials to another in order to fit the frequency borders, envelope 
shape, and evolution with time [cf. 30] The difficulties in setting the parameters were 
primarily due to the fact that the frequencies of partials in the hybrid tone were completely 
different from those in the upright prototype, due to the exchanged inharmonicity 
coefficient. The final tuning of the parameters was to a large extent based on visual 
inspection of spectra and listening to the resulting tones.  

The analysis via synthesis process of ended up by a somewhat simplified imitation of the 
spectral envelope of the upright tone shown in Fig. 5. The spectral bandwidth was closely 
reproduced, as well as the main peaks and widths of the “formant” groups in the spectrum. 
The decay process of the upright tone was reproduced by adjusting the peak values of the 
main formant groups and the bandwidth of the spectra at 3 time points during the 1-s decay. 
This gave a reasonable approximation of the evolution of the spectral envelope. 

 

3.2. Listening test 2 
3.2.1. Listeners. 
Six listeners from the Queen's University community were recruited for this test. Three of 
the listeners were involved in the loudness equalization. The remaining three listeners were 
involved in rating timbral difference. Music training of listeners was assessed by the point 
system described in Listening Test 1. Listeners had a minimum of 5 points, a mean of 9.38 
points (SE = 1.99), and typically had experience with two instruments and some continued 
activity in music beyond casual listening. Thus, listeners may be described as musically 
trained. 
 

3.2.2. Stimuli. 
There were three test tones: (1) an upright prototype tone (from the original recording of the 
Nordiska piano), (2) a grand prototype tone (from the original recording of the Steinway D), 
and (3) the hybrid tone. The duration of the test tones was 1.0 s. The hybrid tone was paired 
with each tone including itself resulting in 3 different tone pairs. Tone-pairs had an inter-
tone duration of 0.1 s.  

 
3.2.3. Apparatus 
The apparatus was identical to that used in Listening test 1, except that stimuli presentation 
was over headphones (Sennheiser HD580), specified to be within ± 3dB across 16 -
 20 000 Hz. Consideration of the phase response of headphone presentations has been 
addressed in [11]. 
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3.2.4. Loudness equalization. 
All tones were equalized for loudness based on the loudness scaling of three listeners. Given 
the mix of real and synthesized tones, the method used for loudness scaling was more formal 
for that used in Listening Test 1. Specifically, on any given trial, the listener was presented 
with the standard tone followed by a comparison tone, or a comparison tone followed by the 
standard tone (presentation order was counterbalanced). The listener was asked to make a 3-
alternative forced choice response (i.e., 1st tone is louder, 2nd tone is louder, or tones possess 
equal loudness). The A0 tone of the Nordiska upright piano served as the standard tone in all 
trials. Its sound level as measured at the surface of the headphone was 72 dB. Eleven 
comparison tones for each alternative (i.e. Steinway and Synthesized) were individually 
paired with the standard tone. Comparison tones varied in their intensity such that median 
intensity of comparison tones was equal to that of the standard tone. The selection of an 
equal-loudness tone (with regard to the standard) for each alternative timbre was made on 
the basis of the comparison tone that received the greatest proportion of equal-loudness 
responses. 
 

3.2.5. Procedure 

The order of tones within each tone-pair was counterbalanced, allowing for 6 possible tone-
pair combinations. The listeners’ task was to scale the perceived timbral difference in each 
tone-pair combination between 0 and 1000, using a scroll bar [29]. Each tone-pair 
combination was rated on 5 separate occasions, giving 30 trials for each subject. The order 
of presentation was independently randomized for each of 3 subjects. 

 

3.3. Results 
Timbral difference ratings were collapsed across presentations. For each of the three 
listeners, the timbral difference between the hybrid tone and the upright piano tone was 
significantly lower than the timbral difference between the hybrid tone and the grand piano 
tone; t(5) values were –5.79, -7.90 and –4.98 (all p < .01). In Figure 6, the mean timbral 
difference between the hybrid tone and the upright tone (mean = 233.8, SD = 178.5) may be 
compared with the mean timbral difference between the hybrid tone and the grand piano 
tone (mean = 690.7, SD = 219.8). 

 
The results of Listening test 2 clearly indicate that the timbral difference between the hybrid 
and the upright was less than the timbral difference between the hybrid and the grand – that 
is to say, the hybrid sounded closer to the upright. Given that the hybrid imitated the spectral 
bandwidth of the upright and the inharmonicity of the grand, we can conclude that spectral 
envelope influenced timbre more than inharmonicity. 
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4. DISCUSSION 
 
4.1. The importance of inharmonicity vs. spectral envelope 
Poor tone quality in the bass of small pianos is a problem for piano manufacturers, who 
would be happy to improve the design. Given the present experimental results, we can 
conclude that it is not sufficient to design strings with lower inharmonicity in order to 
improve the sound quality in the bass section of small pianos. The spectral envelope 
parameters (set by the soundboard properties) and their evolution during the decay are of 
greater importance. The prominence of inharmonicity in determining the tone quality would 
thus be lower than generally assumed. This misconception is most probably due to the fact 
that in real pianos, inharmonicity and spectrum bandwidth covary.  

As a matter of fact, the old studies by Schuck and Young [5] and Fletcher et al. [6] - from 
which the widespread notion of the unique role of inharmonicity as the key quality 
parameter of piano bass tones has developed - do not give reliable support for the dominance 
of inharmonicity over other piano design parameters. The Schuck and Young hypothesis 
was based on comparisons of the measured inharmonicity between several pianos of 
different size and quality. These pianos differed in inharmonicity, but probably in other 
respects as well. 

Fletcher et al compared recorded and synthesized piano tones and made the classical 
statement that inharmonicity is necessary to give synthesized bass tones the characteristic 
timbral “warmth” of natural piano tones.FOOTNOTE 1 However, they did not conclude that 
inharmonicity is the main quality parameter, not even in the bass range. In more subtle 
discriminations between pianos other factors may be of a similar or higher importance.  

When comparing inharmonic tones by timbre, it is important to remember that the 
inharmonicity coefficient is not the only - and probably even not the primary - measure of 
the perceptual effect of progressive stretching of partials in piano-like tones. Important 
factors are how many inharmonic partials are audible and their relative magnitudes. In this 
sense, the inharmonicity coefficient and spectral envelope factors interact. 

For example, the  inharmonicity coefficient of the short treble strings is much higher than 
that of the bass strings. However, treble tones contain only few overtones, located in a 
frequency range of low audibility. Therefore, the perceptual effect of the string 
inharmonicity in the treble range is negligible.  

Another consequence of the interaction between inharmonicity coefficient and spectral 
envelope is related to the evolution of the piano tone. The inharmonicity coefficient does not 
change with time but the perceptual effect of the stretching of the partials is maximal in the 
initial portion of the tone. This is due to the progressively faster decay of higher partials 
which narrows the spectrum over time as illustrated in Fig. 3.  
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In all pitch ranges of the piano, the higher order partials deviate farther from the harmonic 
series, thus detracting more from the strength of the (nominal) pitch of the tone. Further, in 
bass tones the higher partials fall in a better audible frequency range than the fundamental 
and low order partials. The effect of inharmonicity coefficient on timbre can therefore be 
expected to be stronger in bass tones with wider spectra (cf. the large grand and the small 
upright  piano in Fig. 5).   
 
Some recent studies indirectly support our finding that that the timbral role of inharmonicity 
is overestimated. None of them gives, however, as strong evidence as the present study. Lee 
[31, 32] found in experiments on synthesis of piano-like tones that, with regard to tone 
quality, it was enough to reproduce the inharmonicity in the attack portion of the tone. He 
concluded that inharmonicity played an insignificant role for the timbre of the decaying part 
of the piano tone.  

Rocchesso & Scalcon [33] tried to synthesize naturally sounding piano tones, supposing that 
for every pitch there exists a frequency above which the inharmonicity does not contribute 
to the naturalness of the timbre. In the bass, this border was found to rise from about 1700 
Hz for C1 (corresponding to about the 51th partial), to 3800 Hz for C3  (29th partial). It must 
be mentioned, however, that this study, as well as those by Lee [31, 32], were restricted to 
auditory classification of instrument group (“piano” -  “not piano”), which is not the same as 
ranking pianos by their tone quality.  

Beauchamp, McAdams, and Meneguzzi [34], who analyzed acoustical factors determining 
the identification of musical instruments, pointed out that spectral irregularity is a more 
important factor of musical timbre than inharmonicity. Their study did, however, not deal 
specifically with the piano but other musical instruments, including the clarinet, flute, violin, 
harpsichord and marimba.     

Although the results published by other researchers seem to be in general accordance with 
our finding that inharmonicity is a secondary factor in determining the difference in timbre 
between a large grand and small upright piano, we are far from concluding that 
inharmonicity is irrelevant for the quality of pianos. When basic quality conditions, 
including the spectral envelope among other things, are met, a difference in inharmonicity 
may be discriminating. As a parallel example, substituting a fine soundboard of tone wood 
by a veneer board may not be as noticeable in a small upright as in a large grand.  

Some support for the importance of inharmonicity in achieving a high-quality piano tone 
could be gained from an unsuccessful attempt to use the hybrid-tone approach for 
synthesizing an acceptable imitation of a grand piano bass tone. Our idea was to combine 
the “good” spectral envelope of a concert grand piano tone with the “bad” inharmonicity of 
an upright. The resulting tones were, however, far from a successful imitation of the timbre 
of any of the two prototypes. Of course, this could be due to the shortcomings in our 
analysis and synthesis, in particular the level of details. However, one other possible 
explanation would be that, after all, the synthesis was accurate enough but never heard 
before - a piano tone with a preferred spectral envelope but high inharmonicity. When the 
spectral envelope does not give cues in the direction of a poor piano, the influence of 
inharmonicity may be more clearly exposed, and hence important. 
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4.2. Relations to piano design 
The results reported in this study may be given an approximate interpretation in terms of 
piano design and technology, partly based on the first author’s long experience as a piano 
design engineer. Table 2 shows the schematic dependence of the two investigated 
parameters of a piano bass tone (inharmonicity coefficient and spectral envelope) on some 
major piano design factors.  

 
INSTRUMENT DESIGN FACTORS INHARMONICITY 

COEFFICIENT 
SPECTRAL ENVELOPE 

Instrument size X X 
String material and design X x 

Soundboard material and design  
 

x X 

Hammer material and design  X 
Lids and case   X 
 

Table 2. Schematic overview of the influence of piano design factors on inharmonicity 
coefficient and spectral envelope. The two sizes of crosses suggest the relative importance. 

 

The instrument size restricts both the string scale and soundboard dimensions, thus setting a 
lower limit for the string inharmonicity in the bass. Also the cut-off in sound radiation at 
lower frequencies is determined by size.  

The string parameters (core and wrapping material and dimensions, the uniformity of the 
wrapping, etc.) and the string tension influence primarily the inharmonicity of the string 
modes. As regards the influence on the spectral envelope of the radiated tone, the string 
parameters seem to play only a minor role, partly explained by their rather limited range of 
variation in practice. 

The soundboard design parameters, setting the mode frequencies and dampings, jointly 
form a primary factor in the evolution of the spectral envelope of the radiated sound. The 
design parameters include the shape, dimensions, and material of the soundboard, the way it 
couples to the strings (downbearing), and the way it is fastened along the perimeter. The 
soundboard parameters also influence the inharmonicity. This effect relates mainly to the 
lower partials in the bass range [8], shifting them from the frequencies predicted by the 
string inharmonicity formula [35]. The perceptual effect of this shift has not been studied so 
far. 
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The striking position of the hammer defines the formant-like grouping of the partials in the 
spectrum. This grouping is important when the partials are numerous (bass range), but not 
important when they are few (treble range). On the other hand, in the treble where; (1) the 
hammer−string contact duration exceeds half a period of the fundamental [36], (2) the 
hammer strikes the strings very close to the termination at the iron frame (capo d´astro bar), 
and (3)  the soundboard is relatively stiff, the hammer parameters become a dominant factor 
in determining the spectrum envelope of the radiated tone [37]. 

The spectral envelope and its evolution strongly depend on the reverberation processes, 
which starts with the soundboard, a distributed radiator, and continue within the piano case, 
thus depending on design of the case and lid. 

As seen in Table 2, the spectral envelope and its evaluation depend on all listed design 
factors, while the inharmonicity is influenced by only a few of them. This may give an 
indirect explanation to why spectral envelope is a stronger correlate to the perceived quality 
of pianos tone in discrimination tasks than inharmonicity. 

 

5. Conclusions  
In conclusion, the present study indicates that the low quality of bass tones of small pianos 
compared to the large pianos is determined more by the spectral envelope and its evolution, 
than by the time-invariant inharmonicity coefficient. In two listening tests, utilizing 
synthesized as well as real piano tones, it was clearly shown that the distinction between a 
bass tone of a small upright piano and that of a large grand piano can be attributed primarily 
to differences in spectral envelope. Inharmonicity played a secondary role only, despite a 
large variation range. Our results are at variance with a widespread conception based on old 
studies, emphasizing the importance of inharmonicity. Further support of our findings would 
need more experiments using high-fidelity piano synthesis. 

Differences in the evolution of the spectral envelope would perceptually be related to the 
balance between low-frequency and high-frequency energy in spectrum, influencing the 
brightness (sharpness) of the tone. A possible candidate for quantifying the physical 
correlate of this perceptual effect would be the spectral centroid and its evolution during the 
decay of the piano tone. Spectral irregularity [38] is another envelope factor worth to 
investigate in further studies of the quality of piano tones.   
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Figure legends 
 
Fig.1. Initial spectrum of a grand piano bass tone (Steinway C, A0 = 27.5 Hz) recorded by a 
microphone at a distance of about 1 m. Spectrum shows more than 100 partials extending to 
4-5 kHz. The spectrum envelope has a characteristic formant-like shape with groups of 
about eight partials between spectral minima, determined by the striking position of the 
hammer. The partials are progressively stretched due to string inharmonicity. 
 
 
Fig. 2. Spectra of four synthesized inharmonic piano-like tones (A0 = 27.5 Hz) showing the 
effect on spectral bandwidth due to the stretching of the partials. With equal number of 
partials (N = 100) a tone with high inharmonicity (B = 600 .10-6) extends to a frequency 
about twice as high as the low-inharmonic tone (B = 60 .10-6) (left pair). In order to match 
the spectral bandwidths only 66 partials are required in the high-inharmonic tone (right 
pair).  
 
 
Fig. 3. Spectra of a synthesized inharmonic tone (E1 = 41.2 Hz,  B = 267·10-6) with 48 
partials (W1,3) showing the progressive decay of higher partials at three time points; at the 
onset (top), after 0.5 s (middle), and after 1.0 s (bottom) 
 
 
Fig. 4. Mean scores of timbral difference ratings in Listening test 1. The effect of spectral 
bandwidth on timbral difference is far larger than the effect of inharmonicty. 
 
 
Fig. 5. Initial spectra for the three A0 tones compared in Listening test 2. Small upright 
píano, Nordiska  Pianofabriken, model Futura 112 cm (recording, B = 560 .10-6) (top), 
hybrid tone (synthesized, B = 160 .10-6) (middle), and concert grand piano, Steinway model 
D (recording, B = 160 .10-6) (bottom).   
 
 
Fig. 6. Mean scores and standard deviations (bars) for timbral difference ratings in Listening 
test 2. The hybrid-upright tone pair (left) had the same spectral envelope, while the hybrid – 
grand tone pair (right) had the same inharmonicity. 
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