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SOUND PRODUCTION OF MIDI PIANO TONES IN A DB SCALE
ON THE BASIS OF EQUAL LOUDNESS
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Abstract : A method to control the velocity of piano tones of MIDI tone syn-
thesizers on the basis of equal loundness property is presented. The idea is a
parameterization of equal loudness contour of velocity with a physical correlate
to the loudness. A listening experiment was conducted to get the equal loudness
contour on a particular sound synthesizer with the method of paired comparison,
where the standard stimulus was notga®d the comparison stimuli were notes

n in the chromatic scale O~ C;. Regarding the physical correlate to the loud-
ness, the A-weighted sound pressure leve|)(was chosen to fix the method.

By relating theL 5 -value,?, of C,4 to the equal loudness contour, a mapping for-
mula from {, ¢) to velocityv, i.e.,g : (n,£) — v = g(n, {), was established. By

this mapping, note: played at velocityy(n, £) produces a tone whose loudness

is equal to the tone of Csounded at dB in the sense af.,. The formula was
implemented as part of a computer-aided piano performance system to specify
dynamic expression.

Key Words : Midi velocity, Piano tone, Equal loudness contour, A-weighted
SPL

1 Introduction present-day MIDI instruments that the same ve-
locity given to different notes, even among chro-
The sound intensity (or sound volume) of MIDI- matically adjacent notes, does produce a differ-
controlled musical instruments (MIDI instru- ent sound intensity (or volume, loudness, or what
ments, for short, which in this paper include tone may be termed for similar auditory impression.)
synthesizers without keyboard or the like) is spec- Manually adjusting such an uneven response to
ified with a 7-bit integer code called “velocity”. velocity leads to almost an endless task when syn-

But the MIDI specification book gives the defini- thesizing music performance with software.
tion of its acoustical characteristic only in that the

larger the velocity, the larger the volume of sound,
with a suggestion to use a logarithmic relationship
between the two[1].

This vague functional definition of velocity
creates a problem in dynamic expression repro-
duced on different MIDI instruments, that is, the
same MIDI message results in different responses  Apparently the method cannot achieve a per-
in dynamics across different MIDI instruments.  fect control over the velocity in terms of desired

Further, It seems rather common in the loudness since the degree of resolution is limited

This paper presents an experimental method
to control the velocity of piano tones of MIDI in-
struments. The method is based on (1) the con-
tour of equal loudness obtained by listening ex-
periment, and (2) a physical correlate to the loud-
ness to parameterize this contour.
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due to the MIDI velocity system that allows only matched to @ where G’s loudness is equal to
127 steps. Further, the musical expression of dy-Cy's.
namics is not identical to loudness of raw instru- (1) Subject: A female student majoring piano
mental sound. Nevertheless, the method is ex-playing in a graduate school of music education.
pected to improve controllability of dynamics for (2) Listening environment: The experiment was
synthesis of music performance with software.  conducted in a low reverberant listening room
The MIDI instrument dealt with in this pa-  (volume 61 m, reverberation time 0.3 s at 500 Hz,
per is MU2000 from YAMAHA Corp. Itis @ background noise level 26 dBA). See Fig. 1 for
MIDI tone synthesizer, one of general-purpose the setup of the experiment. The output level of
synthesizers without keyboard, that provides sev-the stereo loudspeakers was set so that the sound
eral timbre sets of piano tones and of other in- of C, at velocity 127 becomes 90 dB SPL (fast) at
strumental tones. The target timbre dealt with in the [istening point of the subject. The subject was
this paper is “stretched tuning grand piano stereo” jistening to the stimulus pair by adjusting the ve-

which seems to be suited for rendition of classical |ocity by herself according to the procedure which
piano music; this is available with plug-in board fgjlows.

PLG150-PF added to MU2000. The instrumental (3) Stimuli: LetA andB, respectively, denote the
parameters were set to the initial, factory setting standard and comparison stimuli produced with
that turns off all the supplemental sound effects yg|ocitiest, andV. Here,V, took m integers
and equalizing functions. This instrument will bé fom the setV = {5, 10, 20, 30, 40, 50, 60, 70, 80

referred to as Module M hereatfter. ,90, 100, 110, 120, 127 m = 14. For later use,
letV; (i = 1,2,---,m) denote these elements of

2 Contour of equal loudness W so that

2.1 Method of loudness matching Vi =5,V =10,---, andVy,(= Vi4) = 127

The standard stimulus was notg,@nd the com- (2

parison stimuli were the notes in the chromatic _
scale of G ~ C;. Let N denote the set of all the hencelV = {V;}, andV4 € W. Velocity V took

notes taken for stimuli, i.e., any integer from 1 through 127.
Stimuli A andB took a 500 ms duration each,
N ={Cy,Co#,---- - ,Cr} 1) being followed by a 500 ms silence. The duration

500 ms was chosen by taking into consideration
the effect of temporal summation of loudness [2].
The silent interval 500 ms was chosen by follow-

The goal of the matching task is to determine
the velocity of each of comparison stimuli so that
its loudness is equal to that of the standard stimu-
lus (C,) produced with a given velocity. For ease ing [3].
of the experimental task, the nearest C from below

was chosen as the substitute farthen the com- stereo speaer
parison stimuli are higher by more than one oc- M
tave from G. Similarly, the nearest C from above 65cm

was chosen as the substitute farvthen the com-
parison stimuli are lower by more than one octave
from C,. The velocity of this substitute was set

at the value that produced the loudness equal to
C4’s. Thus, the notes in % ~ C4 were matched

250cm

to C; where G's loudness was equal tg,8, and ‘ @m; ot

the notes in g# ~ C; were matched to £where -

Cs's loudness was equal to;& as determined by

the above procedure. The notes inC B, were Figure 1:Setup of the listening experiment.
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(4) Procedure: Six sequences of stimii A A further proceesing.

A}, {BBBB},{ABAB},{BABA} {AB The result in the portion of chromatic scale
ABAB}, and{B ABAB A} were provided, Cy# ~ Cg in Task 1 is shown in Table 2. It dis-
and the subject was able to listen to any of theseplays a general tendency that the higher the note,
as many times as she became confident. She wathe larger the value of’z. However, it is not
asked to determine the valuelg with whichthe ~ monotonic or smoothly changing, e.§z of C,#
loudness oB becomes subjectively equal to that is smaller thari’, whenV =20, 40, 80 and 100,

of A with V4. Write the determined’z as V3. andVp of Dy is considerably larger thari, when
The stimulus pairs were taken in the order (1), (2), V4 =40, 60, 80 and 100; this factimplies tha#C
(3), (4) and (5) as specified in Table 1 below. is louder and @ is considerably softer than,C

when these three notes are played as single tones

Table 1: Order of matching task with the same velocity 40, 80, or 100.

A B
(1) Cy with V4 Cy#t,---, G5 Table 2: Result of Task 1.
(2 Gwith V! C#,---, G Shown aré//z of comparison stimuli in chro-
(3) G W!th Vg Ce#,, Cr matic scale G# ~ Cs againstl, € 7.
(4) C4 with Va Bg, BN C3
(5) CywithVz™® By, ---,C Cy 20 40 60 80 100
t1) V determined by (1) C# | 19 38 60 76 98
12) Vi determined by (2) D, 205 43 655 875 114
13) Vi determined by (4). Ds# | 22 44 64 83 111
E4 22 415 62 845 105
Fy 215 415 66 86 109
W was partitioned intdV; = {20, 40, 60, 80, Fi# 23 43 64 83 1075
100} and W, = {5, 10, 30, 50, 70, 90, 110, 120, G, |215 45 64 84 106
127}, and the experiment was conducted in two Gu#t 23 47 66 86 108
sessions, i.e., Task 1 withy € W; for notes G Ay 23 475 63 85.5 1055
~ C7, which had 240 stimulus pairs, and Task 2 Ayt 23 48 65.5 90.5 107
with V4 € W5 for notes G ~ C5, as well as with B 24 48 65 925 110
V4 € W for notes G ~ B,, which had 600 stim- Cs 26 49 68 935 112
ulus pairs in total. Task 1 aimed at figuring out an Cs# 23 44 625 84 107
overall profile of equal loudness property of Mod- Ds 27 47 65 90 111
ule M with as much accurate data as possible by  Dxz# 23 48 63 88 106
following the method of limits. The role of Task E; 23 44 64 86 106
2 was to complete the result of Task 1 over the F5 26 50 67 92 114
entire gamut of @ ~ C; with V; € W; Task 2 Fs# 24 49 68 94 112
was conducted in a less stringent matching proce-  Gj 28 48 69 95 114
dure so that the subject was asked to report just  Gs# 28 50 685 94 114
one Vg, instead of a complete range Bk'’s for As 26 49 69 925 116
each stimulus pair. As# 31 51 69 90 113
B; 305 55 72 95 112
22 Result Cs 29 55 72 96.5 113

Among 240 pairs of Task 1, 209 pairs yielded a

single integral number dfz, and 31 pairs yielded Among 600 pairs of Task 2, 97 pairs could not
two consecutive integral numbers B§. For the  yield a correct matching because of insufficient
latter case, the average of the two consecutive inHoudness oB with Vg < 127. A nominal value
tegral numbers was taken as the effeciiige for Vp = 127 was given to these pairs.
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At this point, let us change the notatidf to
V;. (See (2).) The entire result of= V3 (Tasks
1 and 2 together) is regarded as a function of two
discrete variables andV; such that

v=f(n,V;) forn e NandV; € W 3)
Here, f(n,V;) is assumed to satisfy the identity
mapping forn = C, that

Vi=f(Cy, Vi) forV; e W (4)
Figure 2 shows the profile ef= f(n,V;)ina
form of equal loudness contour, being parameter-
ized withV; € W (i < 13), in the note—velocity

space.
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Figure 2: Equal loudness contour of velocity
f(n, V) for V. =1V; (1 <i < 13), in the range
Cy ~ Cy.

Introduce a functiory(n, V), V being a real
variableV/, that interpolateg (n, V;) with respect
to the second variable. For simplicity reasons,
we shall choose a piecewise linear interpolation,
hence the formula is given as:

Forvv € [‘/27 ‘/;-i-l] (Z = 17 27 o 1)!

F(n,V)=ax f(n,Vi) + (1 —a) x f(n,Vis1) (
where a = (Vi1 — V) /(Vig1 — Vi).

, M —

The quantityy = f(n, V') gives the velocity of
noten (if v is not an integer, it must be rounded to
the nearest integer) so that the loudness of note
produced with velocity is (nearly) equal to that
of C4 with velocity V' (integer) inV; <V < V,,.
Hence,f(n, V') is called the parameterization of
equal loudness contour with the velocity of the
standard stimulus ({.

0 800

3 Parameterizing the equal loud-
ness contour in the scale of_ 4

3.1 A-weighted SPL as an interval scale

Among the known physical correlates to the
loudness of unsteady sounds, we chose the A-
weighted sound pressure levdl ) in fast re-
sponse mode for the interval scale of loudness. In
the following, however, thd. 4-values are not the
absolute ones but represent offsets measured from
an arbitrary origin, and ‘dB’ always denotes the
dB scale in this sense.

Let p(¢;n, V') be the electrical output signal
of single piano tone of note at velocityV'. Ac-
tually, the analog, stereo tones at a fixed out-
put level were sampled digitally at 48 kHz sam-
pling, and the recorded waveforms were mixed
down to monoral singals to yielgh(t;n, V).

Let pa(t;n, V) be the A-weighted waveform of

p(t;n, V).

Put

Lny = Jnax 10 logyg Jn,v (t) (6)
where

t

Ty (t) = /_

Here, the time constant = 125 ms is due to the
fast response mode, ang andt;, respectively,
are time points before and enough after the on-
set of the target tone. Figure 3 displays the entire
profile of L,, v, for V; € W over all 88 notes in a
form of equal velocity contour.

5) This graph gives us a useful information for
understanding the acoustical aspect of sound pro-
duction of Module M. The following are a few
remarks on Table 3 together with Fig. 3. The
dynamic range of Module M is 55dB or a little
more over the entire registers. Also, the contour
lines display an uneven response lof against
notes, where the magnitude of uneveness depends
on V; almost monotonously. This fact suggests
that Module M generates very likely the tones
of different velocities by processing (mainly) the

pa(s;n, V)[2e =9/ ds/r
(7)
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3.2 Formula of parameterization

/4’/:/ Eizg Take the inverse mapping of (9)

(1 Al e V=) (12)
o o and put~!(¢) into the second argument of
1::: /:/ :Tg f(na V)
"o cl c2 - C3 c4“— cs mu(‘ﬁ :‘7“__“- (?:‘/v;(jcit def g ~_

Note Name oo v = g(n7£) - f(n,h 1(€)) (12)

Figure 3: Equal velocity contour df 4 for V =  The functionv = g(n, £) gives the velocity of
V; (1 < i < 14) over 88 notes. (Note that the Noten whose loudness is (nearly) equal to that
origin is set arbitrarily.) of C4 at /dB. (If v in not an integer, it must be

rounded to the nearest integer.)

] ) ) Numerical procedure to getis given as fol-
amplitude of just a single reference waveform for |ows when a piecewise linear interpolation is as-

each note. sumed for bothf (n, V) andh(V').
Now, let us focus on thé 4-value of note G,

L¢, v, writing as 1. Geti that satisfieg; < ¢ < ¢,.1 where

;= h(V;)
Li=Leg,yv, (8) 2. Computer = (i1 — £)/(Lix1 — £;)
Table 3 lists the values df;. 3. Computev = a x f(n, Vi) + (1 — a) x
f(nv Vi-‘rl)
Table 3: Listing ofL; = L¢, v, dB forV; € W. Figure 4 shows the contour ef = g(n, )

Qlotted for¢ = 0,45,---,4+25dB, in case of

Vil 5 10 20 30 40 50 60 V=30
L;|7.72 17.39 28.74 35.97 41.08 4550 49.16 .
Vi| 70 80 90 100 110 120 127 et W TN L
L;|52.74 55.49 57.76 59.85 61.61 63.14 63.82 S " VI /T - e
2 T DN, |
Introduce an interpolation function M o T L
! = ]:L Vv 9 0\:::_:/:_ E:;’::: EERay nodERRNEEEC e A —:ZSdB

( ) ( ) 2 3 @ cs c6 c7

standard stimulus Note

on L; so that it is monotone increasing in real vari-

ableV’ satisfying Figure 4: Equal loudness contour of velocity

(10) in terms of /. Shown are curves fo¥ =

Li=h(Vi)+ Lo,y VieW y
(Vi) +Le, v 0,45, , +25dB whenl’ = 30.

Here,V is some constant taken suitably as a ref-
erential velocity, e.g.V = 30.

The function¢ = h(V) represents thd.a- 4  Conclusions and discussion
value (of G) at velocity V' relative to the one
at velocity V. We remark that, with a particular A method to control the velocity of MIDI piano
choice of V' = 30, the range ofz(V) nearly bal-  tones with thel 4-value of a reference note (i.e.,
ances around the origin, i.e., -28.256_!B%(V) < standard stimulus) as its interval scale was pre-
27.85dB forV; <V < V,,, andh(V) =0dB. sented.
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Because of limited degree of resolution in the References

MIDI velocity system, the method would not be

able to provide a perfect result. Nevertheless, it [1]
gives us a practical, quantitative way of control
over the velocity of MIDI piano tones with acous-

tically well-defined variable.

The given interpolation formula was imple-
mented as part of a software of piano music per-
formance on Module M. It enabled the user (the [3]
author) to realize his desired dynamic expression,
e.g., smooth change of crescendo/diminuendo,
good dynamic balance between melody and ac-
companying parts, vivid expression of trills etc.,
on a solid, acoustical basis [4], [5], [6]. This fact
suggests that the proposed method may be used ad¥l
a means for quantitative study on “performance
rules” of dynamic expression in the domain of
analysis in music performance.

From the psychoacoustic viewpoint, there re-
mains a problem whether the, is a reason-
able choice as the interval scale to parameterize
the equal loudness contour. In the previous re- [5]
port [7], the author adopted the continuous A-
weighted SPLL 4¢4. The L 4, requires temporal
integration, and a 500 ms window was chosen in
order to make it equal to the duration of the stim-
uli for loudness matching; the fact that it is the du-
ration of one beat played at tempo 120 bpm (beats
per minute), a moderate tempo for typical melody [6]
lines to play, was another reason for this choice.
The L4 (in fastresponse mode, maximum) and
L 4¢q (with @ 500 ms window of temporal inte-
gration) were found to have a similar dependence
characteristics on the velocity for Module M, in
the sense of = (V). However, a more detailed
study seems necessary on the choice of interval
scale.

As was mentioned, the measurement of acous-
tical variable as a function of velocity gives us
a precise understanding on the response charac-
teristic of sound production of MIDI instruments,
and this understanding will lead us to a good start- [8]
ing point for preparing listening experiments on
loudness matching. In this direction we are doing
measurements on piano tones of other MIDI in-
struments, e.g. [8], which dealt with the profile of
the L 4 value and the spectral center of gravity of
a MIDI-controlled acoustic piano.

2]

[7]
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