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In this article we report on part of our research in
piano action models, hoping to convey the need
for research on this topic by explaining the short-
comings of most synthesizer keyboard-scan tech-
niques. We have developed a new piano-key action
model, based on a detailed description of a grand
piano action. Every component plays a role in the
specific behavior of the mechanism. Our model’s
accuracy is illustrated with several simulations.
To use this mathematical description in a digital
piano, we are now working on a reduced model.
The first result of this reduction, which also can
be used for real-time applications, is shown.

Background

Bartolomeo Cristofori is credited as the first to ap-
ply a hammeraction to a harpsichord, in 1709.
Gradual changes to this mechanism have led to the
setup shown in Figure 1. There are many mecha-
nisms in use today, each covered by its own patent.

Electric pianos are more-or-less accepted nowa-
days as alternatives for traditional pianos. Basic re-
search in piano string behavior {Weinreich 1979}
and sound radiation (Suzuki 1986) has led to
greater insight into the sound quality of acoustic
pianos, which has proven useful in electric pianos.
As the sound quality of such digital pianos im-
proves, attention will also turn to the electronics
used for scanning. After all, it is through the keys
that pianists must express themselves.

There are always differences between grand pi-
anos, and a pianist must adjust his or her perfor-
mance to the available concert grand. The critical
point here is how pianists can get accustomed to a
new instrument. They are able to adjust their per-
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formance because information flows from the in-
strument to the performer, via sound, and also
through a bi-directional information flow from the
haptic senses {tactile, kinesthetic, force, etc.). A
more detailed study of the correspondence between
the touch response and the sound of an acoustic in-
strument can be found in Gillespie [1992).

The traditional piano keyboard, which has ex-
isted in essentially the same form for the last sev-
eral centuries, is not yet found in electric pianos.
Systems have been developed that measure the
time used to depress the electric piano keys, and
transform this information into note-velocity in-
formation. Figure 2 shows a particular construc-
tion scheme, and the time evolution of a “‘note
on-off”” event. For this application, application-
specific integrated circuits (ASICs) like the E510 in
Figure 2 can be used. These integrated circuits also
deal with the de-bounce problem, but the scanning
technique used in actual digital pianos is not suit-
able for detecting a wide range of key dynamics.
Many companies are also doing research on better
key systems, particularly on improving the me-
chanics. FATAR, an Italian keyboard manufac-
turer, uses a small hammer action to obtain
behavior that is similar to the grand piano’s me-
chanical action. This is actually a passive compen-
sation for the real action. An active, controlled
compensation that can replace the mechanics of
the action is part of the systems developed at the
ACROE Center in Grenoble, France (Cadoz 1990},
the Center for Computer Research in Music and
Acoustics (CCRMA) at Stanford University
(Gillespie 1992), and by independent inventors
{Baker 1988). This active compensation is an im-
portant contribution to a better key system; how-
ever, a simple reduced hammer action or a
controlled actuator doesn’t resolve the problem
completely, because the hammer can move freely
and its movement must be simulated.
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Figure 1. The grand piano
key action, In this figure
the piano key mechanism
is shown in its original
rest position. When the
key [a) is depressed, it lifts
the damper (h) and pushes
the whippen {b) upward,
rotating it around its
pivot point. This moves
the jack (c) upward,

which pushes against the
roller, thus swinging the
hammer (f) toward the
string (i}, The back end of
the jack then touches the
jack regulator [d), which
makes the top end of the
jack slip away from under
the roller. When the ham-
mer bounces back from
the string, it falls on the
repetition lever (e), which
1s still raised by the de-
pressed key, while the
back-check {g) prevents
the hammer from bounc-
ing up against the string
again, The harmmer is
then in a position much
closer to the string than
1ts original rest position.
When the key is released
slightly, just enough to re-
lease the jack from the
jack regulator {d}, the jack
is pulled back under the
roller by spring action
and the key can be de-
pressed again, throwing
the bammer once more
toward the string. Be-
cause the hammer re-

mains relatively close to
the string and the key
must be released only
slightly, notes can be re-
peated very rapidly. When
the key is released en-
tirely, the whippen, jack,
and repetition lever are
lowered, allowing the
hammer to fall back to its
original rest position, A
more detailed study can
be found in Askenfelt and
Jansson (1990). To study
the behavior of this action

we used position and force

sensors; the FUGA CCD
camera, which was used
in this setup, is part of a
family of imaging systems
on chip. The FUGA is in-
tended to be interfaced
with the outside world
without additional exter-
nal circuitry or post-pro-
cessing. Image operations
are performed in parallel,
on-chip. The FUGA can
generate 1 million pic-
tures per sec; the output is
the number (7-bit) of cov-
ered pixels. The force
transducer consists of a
Wheatstone bridge formed
by four strain gages. The
signal from that bridge is
amplified and filtered,
The maximum amplitude
is 1 V and the sampling
frequency for the 12-bit
analog-to-digital convert-
ers is 2 kHz.
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tact is broken (time b), a
timer is activated. It is
stopped as soon as there
is a spring-on contact
{time c}. This information
s converted into MIDI-
compatible velocity infor-
mation.

Figure 2. Key velocity
medasurement sysiem in
an electric piano. When a
key is depressed at time
a, the spring is moved
from the “off” level to-
ward the “on” level.
When the spring-off con-
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The software model presented here reveals the
particular characteristics of a classic piano action.
It shows that the behavior of the key and hammer
can be simulated in real time, and that this model
can be used in an electric piano to improve the key
sensitivity. This model can also be used to design
an actuator controller,

The Polonaise Experiment

To motivate this research from a pianist’s view-
point, consider highlighting a melody with accents
or loudness. This requires good control over all the
fingers and a well-tuned action. Another example
is changing rapidly from one octave to another
{e.g., the finale of George Gershwin’s Rhapsody in
Blue}; each time one moves between octaves, there
is a new impact of the fingers on the keys. It is ex-
tremely difficult to control the sound level when
playing this on a digital piano.

To investigate these problems, we must look at
the input {the pianist’s force} and the output (the
hammer displacement). We designed the setup
shown in Figure 1 for this purpose. We measure the
key and hammer displacement using two optical
FUGA4 sensors {Dierckx 1992). Force is measured
with a Wheatstone bridge formed by four strain
gauges (two on the upper side of the key, and two
on the lower side). The strain values have the same
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Figure 3. Excerpt from
Fryderyk Chopin's
Polonaise op. 40 no 1,

magnitude but opposite signs. An operational am-
plifier insures a maximum 1-V amplitude bridge
signal. For sampling, we use a 12-bit digital-to-ana-
log converter. A profiled transducer element was
designed and used, because the hammer rotates
around its pivot point and the sensor only detects a
linear displacement. A multiple input-outpiit board
links this equipment to the computer. Although
the FUGA sensors are able to generate 1 million
pictures per second, a sampling frequency of around
2 kHz is suitable to investigate the behavior of the
key and the hammer.

A typical example shows what the setup’s mea-
surements generally look like. When a pianist
plays the first three chords of Fryderyk Chopin’s
Polonaise op. 40 no. 1 (Figure 3) on a digital piano,
he or she will find it hard to control the sound
level of the second and third chord. Some scan re-
sults are shown in Figure 4. This figure also illus-
trates the main deficiency of the actual scan
system—if an active mechanical compensation
{Cadoz 1990} or a passive one (FATAR’s solution)
is used in such a way that the key behavior is
similar to the real action, and the actual scan tech-
nigue of electric pianos is used {measurement
from two levels), then the hammer velocity com-
putation will be wrong.

Modeling
The aim of this section is to explain how an im-

proved scan technique can be developed based on a
detailed model of the actual system.

Figure 4. Scan results of
the first three chords of
the music of Figure 3.
The two dashed lines in
the bottom frame repre-
sent the “off” and “on”
levels of the actual scan
system. The key for the
second “note-on” event
[b) was already close to
the “off” level; it was de-
pressed slightly. The key
{c] for the third “note-on™
event also started from a
level close to the “off”
Ievel. Imagine what
would happen if the “off”

level were moved some-
what higher. When the
key is depressed the sec-
ond time (b) the delay be-
tween the off-on events is
clear. This is because the
key goes down faster than
the finger, due to impact,
Next, the key goes up un-
til it meets the finger
again, and finally, the key
is pushed down. In this
case the actual scan sys-
tem computed an off-on
time that was not rel-
evant for that event.
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A Simple Model

It is not necessary to use complicated situations [as
above} to convey the shortcomings of most scan sys-
tems. Using a simple model of the action {illustrated
in Figure 5), it can be shown {Dijksterhuis 1965) that
if a force F is applied to the key, the hammer will
have a release velocity v,, which is the velocity of
the hammer after the key has be en pressed down.
According to Dijksterhuis the total equivalent mass
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are neglected. m, is the
hammer mass, m, is the
key mass. The key is
pushed down over §_
meters. F is the force from
the pianist’s finger,

Figure 5, Dijksterhuis’s
action model. m_repre-
sents the whippen, lever,
and jack mass, These
masses are reduced to a
fixed-point mass. The ac-
tion springs and dampers
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of the keyl My = Myey + Mpgmmer T Maction experi-
enced at its excitation point (where the force is ap-
plied to the key}, is about 0.308 kg. This particular
key needs a downward force F, of 0.45 N at the point
of excitation to overcome the spring and friction
forces. When a key is excited by a constant force F
larger than F, the hammer velocity, v,, will be

The parameters are shown in Figure 5.

Since pianists almost never play with constant
force, it is interesting to consider a situation in
which forces vary with time. Choosing {a] ,(b] and
(c) {see Figure 6), one concludes that the touch of
case [c] will produce a temporally advanced note
compared with cases {a) and (b}, because the down-
ward travel times (the x-axis} are different. This
way, a pianist can emphasize a note without play-
ing it with greater intensity. The key scan system
used in actual digital pianos cannot deal with such
problems, because they only get the key velocity
between two pre-set levels. Therefore more com-
plex systems must be used.

Complex Models

To get an idea of “memory complexity,” count the
number of “integrators” in a model description. We
need explain only a few of these principles to make
the conclusions understandable. Consider a key
system that only has the ability to detect a “key-on
event”—the only two states for such a system are
“key-on” or “key-off.” To describe the state, a

i8

Figure 6. Magnitude of
three candidate forces as
functions of time. Forces
a, b and ¢ are chosen in

such a way that tones of
exactly the same Inten-
sity are produced,

Force
3

1 a
o N\
Odownward; 1 2

travel time

single bit of memory is required for each key. If a
key is depressed, then that memory is set to 1; if it
is released, the memory is set to 0. In a velocity-

" sensitive system, the amount of memory must in-

crease. When a key is depressed, the time that
passes between the “off” and “on” levels is used to
predict the key’s velocity. Now one needs at least 1
bit of memory for key-off or key-on states, and sev-
eral additional bits to measure the delay between
the off and on levels. Since MIDI uses 7 bits for key
velocity, this seems like a reasonable minimum
amount of memory. Note, however, that the situa-
tion is somewhat more complicated because of de-
bounce problems. As we explained above, such a
system cannot predict the hammer movement with
a high degree of accuracy. Referring to Dijksterhuis
(1965}, we must track the key’s movement. To do
this, we need a memory for the key position and for
the key velocity. If we were to make a functional
block diagram we would find two integrators, but
for an accurate prediction we need even more.
Therefore, we constructed a complex model, which
was built hierarchically,

The Modeling Technigque

Using differential equations and state-space tech-
niques to model a system (Wiberg 1971} are be-
yond the scope of this article. Here we will explain
the key ideas of our modeling technique.

Several techniques are described in the literature

Computer Music Journal

Rt



Figure 7. Structural repre-
sentation of our model.
Solid lines represent fixed
connections; dashed lines
are conditional connec-
tions.
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Table 1. Complexity of the various components of
the program model

Figure 8. Key release is
simulated without the
hammer. The top figure
shows the system without
the hammer. First the key
is pushed down com-
pletely (solid lines). Be-
cause of spring
compression, energy is
stored in the action. After
a while the key is re-
leased, at which time

both the scan and simu-
lation are started (time
a). The action pushes the
key upward {b) but it
takes approximately 300
msec before the position
of the key becomes stable
(c). The key stays in the
middle between the 0
{key down) and 0.01 (key
up) level because the ac-
tion has no hammer.

Action No. of No. of No. of
Element  Parameters Differential Constraint
Equations  Equations Egquations
Whippen 14 10 x 2nd order 8 + 1 implicit
Jack 10 7 x 2nd order 5 + 1 implicit
Key 14 8 x 2nd order 6 + 1 implicit
Lever 10 6 x 2nd order 4 + 1 implicit
Hammer 10 6 x 2nd order 4 + 1 implicit

for modeling physical dynamics systems. In gen-
eral, engineers are most familiar with block dia-
grams and differential equations. Major drawbacks
of these methods are the lack of structure during
the model generation phase, the absence of the
physical system’s structure in the generated model
(Karnopp 1989}, and the causality problems that
can arise when subsystems must be coupled.
When dealing with small dynamic systems, these
negative points introduce very few problems; how-
ever, for a large, dynamic system such as a piano
key action, the classical methods are not always
error-free. Our model was hierarchically con-
structed using bond graphs to maintain clarity dur-
ing the construction process {Karnopp and
Rosenberg 1975). A structural representation is
shown in Figure 7. The complexity of our detailed
model was analyzed by translating it into a block
diagram, and counting the differential equations.

key displacement {mm) - scan result

2 ykeyup b

2" keydown

] 01 0.2

Time (sec) 03

key displacement (mm) -  simulation

2 1heyup

12 —"key down

0.0 G 0.2

Time (sec} 0.3

They are not included here, but can be found in
Van den Berghe {1992). We used the dynamic-sys-
tem simulation program, DYNAST (Dynast 1992).
In this application, macros were created for each
action element (key, whippen, jack, lever, and
hammer}. Such a macro consists of: (1) parameters:
dimensions, inertia, and mass; {2} differential
equations; and (3) constraint equations. The action
components are modeled as stiff systems; because
of this stiffness, there are additional equations,
The total number of equations for these five mac-
ros are shown in Table 1.

The whippen, key, and hammer are fixed to the
frame, and the jack and lever are fixed to the
whippen (implicit equations). For each of these
macros, the interface with the outside world is its
node. At the top of the hicrarchy the same nodes
are repeated, to make reference to these macros. In
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Figure 9. Pushing down a
key without producing a
sound. If a small force is
applied to the key (time aj,
the key reaches the bottom
frame after approximately
20 msec (b). As one can
see, the force applied to
the key is too small to
throw the hammer against
the string, so there is no
hammer-string contact.
When the hammer falls, it
falls onto the repetition le-

was used to simulate this
event, the back-check ef-
fect is not included, and
therefore the hammer is
not held in a fixed position
when the key is depressed
{c]. When the back end of
the jack touched the jack
regulator, there is a discon-
tinuity in the key displace-
ment {d). This happened
when the jack slipped
away from under the
roller,

ver. In the model, which

scan result - ey displacement (mm) simulation - Wey displacement {mm)

G
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Figure 7 the top level of the hierarchy is repre-
sented. Some of the connections between these
macros are fixed, others are conditional. At the top
level, non-linear models are defined for the felt be-
tween key and whippen; jack, lever, and whippen;
hammer and jack; hammer and frame; key and
frame; and lever and frame. The action springs are
also modeled as non-linear parts. This top model
has 22 parameter descriptions and 14 extra equa-
tions to model felt and springs. The model’s accu-
racy is illustrated in Figures 8, 9, and 10. More
details about this model can be found in Van den
Berghe [1992).

Continued Research

As one can see from Figures 8, 9, and 10, we were
able to closely model the action characteristics.
Most of the simulations were accurate. To execute
this model in real time would require a super-com-
puter. The simulation software DYNAST has a
variable time-step integration algorithm. Because
ours is a stiff system and the action topology is
changing during simulation {e.g., depending on the

20

Figure 10. Impact from a
finger on a key. The most
spectacular event occurs
when there is impact from
a finger on the keys. First
the key goes down faster
than the finger (time a) be-
cause of the impact, next
the key goes up until it
meets the finger again (b)
and finally the key is
pushed down completely
{c). This is the most impor-
tant problem, because it is
the main deficiency of the
actual MIDI velocity scan
system. For a good key sys-
tem, the model must pre-
dict when the

hammer-string contact
takes place (e). Even when
an active controlled com-
pensation for the action is
used, a model to predict
the hammer movement 15
necessary because the
hammer can move freely,
depending upon the force
that is applied to the key.
One can see that for this
simulation the back-check
effect is part of the model
description (f). The phe-
nomena when the jack slips
away from under the roller
can also be noticed (d).
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position of the action, the hammer looses contact
with the jack), a simulation of 1 sec in real life
takes about 4 hours on a 486DX33 IBM PC-com-
patible computer. This is one reason why we are
working on a reduced-parameter model.
In-carefully analyzing the situation, we noted
the influence of the parameters, and eliminated
those that were not relevant. In the complex
model, which was developed first, every parameter
and equation had a physical meaning. Because of
the bard non-linear characteristics of the system,
we could not use classic linear model-reduction
techniques. Therefore we represented the system
with a smaller number of non-linear equations,
and trained the parameters with experiments. At
the same time, we have transformed the model
into a discrete-time model. A first result is shown
in Figure 11. As there was a need for a more pow-
erful simulation package, we used ISI’s System
Build Environment (System Build 1993). Running
on a Digital Equipment Corp. DEC 5000/33 work-
station, the simulation of 1 sec in real life took
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especially true for d and
d’'—the key is hardly de-
pressed, but the virtual
hammer (part of the
model} reaches the string
at almost exactly the
same time as the real
hammer, The model is
part of a virtual system:
for each key the virtual
hammer position is simu-
lated. Because we are not
limited to real physical
constraints, we can
specify some parameters
of the model to give the
virtual system a more de-
sired behavior—the key
release of the virtual sys-
tem {dashed lines) needs
less time, and the stable
position is reached faster
(c and ¢’). The same is
true for the hammer—the
sooner this stable position
is reached, the more con-
trol we have over the next
key-on event,

Figure 11. The reduced
mode] simulation. Two
applied forces are in the
top frame (a and b). The
measurement {solid line}
and simulation (dashed
line} of the key position is
shown in the middle
frame. The bottom frame
shows the hammer posi-
tion. Each force has two
impact phenomena—due
to the impact, the key
goes down faster than the
finger (a’ and b*). AL
though there is only a
small difference in ap-
plied force, the key move-
ment is quite different, In
the first case {a and a’ )
the key reaches the bot-
tom; but in the second
case the key stays some-
where in between {d).
One can verify that the
simulation of the key-
down and hammer-up
events is accurate. This is

Force (N)
& ] . ) S e
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about 15 sec with the reduced model. OQur next
step is to represent the system with a neural net-
work. Using this representation we can apply
more powerful training techniques, and we end up
with a fully parallel system, which will reduce the
simulation time.

This reduced model can be implemented using
an ASIC. A schematic representation of an ASIC
using such a reduced model is shown in Figure 12.
If we were to make a digital piano using such key
models, we would be able to investigate the behav-
ior of pianists when some parameters of the model
are changed. By changing only the parameters, pia-

A decoder, outside the
ASIC, translates the
counter signal into a
single key identification,
From that key, the analog
signals (key position lev-
els) are converted into a
digital signal, {the “LPF"
is a low-pass filter, which
is fed into the analog-digi-
tal f{A/D] convertor); this
is then the input for the
ASIC. A de-bounce algo-
rithm is used to avoid
needless state computa-
tions.

Figure 12. ASIC structure.
First a counter specifies
the key number. The ac-
tion characteristics might
be different from one key
to another, and each key
model uses different pa-
rameters. When a key is
selected, the previous
state (from the memory)
together with the key’s
new position are nsed to
compute the next state.
Depending on that state,
an output can be gener-
ated {output = “key on”
{+ velocity} or “key off”).

GCounter 1§
0-255
Parameters Memaory
MODEL

—9__ 5
‘ - Convert rid—->

—1 |

nists will presumably think that the mechanism
itself is changed (e.g., a different hammer}. Such
effects can be investigated with very little effort,
since there are only a few parameters to be
changed. A first reduced model, and some imple-
mentation aspects, can be found in Van den Berghe
{1993). The software simulation device we have
built may prove extremely useful for designing a
better piano key action for electric pianos such as
the Yamaha and Roland, and especially for compa-
nies whose pianos use 2 FATAR key action.

Conclusions

The actual scan system used in most synthesizer
keyboards today is not capable of predicting the
hammer velocity with any accuracy. It has been
shown that the scan system must track the key
displacement. Using a detailed mathematical
model, we can improve the sensitivity of electric
pianos. To do this, the model must be reduced, the
parameters must be trained from experiments, and
the algorithm must be implemented in an ASIC.
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