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Background

In the late teens through the early twenties of the nineteenth century, the American Piano Company (“Ampico”) developed a pneumatically operated mechanical system to automatically operate a piano from a punched paper roll.  This mechanism faithfully reproduced the artists performance dynamics in addition to selecting which notes to key.  This type of instrument is referred to as a reproducing piano (as opposed to a simple player piano which does not reproduce dynamics.) Ampico produced two versions of the mechanism; an earlier “A” version and a subsequent “B” system.  This document is a result of the author’s efforts to understand the details of the workings of the instrument and the contribution of each component to the final sound dynamics.
I  Introduction

The automatic piano playing mechanism referred to in this paper is the one commonly called the Ampico A.  To be more specific this paper is concerned with the mechanisms and support devices used by the Ampico A to play the piano in which it is installed. (See the 1923 Ampico Inspectors Reference book for a detailed description.) The main thrust of the article is a synopsis of the acoustical dynamics of the system and how they are achieved.  All acoustical dynamics are measured in Decibels, (dB), relative to the softest playing of the system; if other dB terms are used they will be noted at the time of their use.  (For more details regarding dB units used see appendix ii)  Decibels were also used by Dr Hickman (co inventor of the Ampico B) in his article, A SPARK CHRONOGRAHP DEVLOPED FOR MEASURING INTENSITY OF PERCUSSION INSTRUMENT TONES by C. N. Hickman Research Laboratory, American Piano Company, to quantify relative volume levels.  To accomplish the goals set for this paper of explaining the operation of the various components,  I have used several techniques: mathematical modeling, electrical analogues circuits, classic physics, and mechanical explanations.  

A thorough understanding of the workings of the Ampico A is needed to completely understand all parts of this paper. I use the nomenclature used by the manufacturer of the system.

Through out this paper the following publications of the American Piano Company related to the Ampico systems are referenced:

The Ampico reproducing piano Inspectors’ Instruction Book 1919 With 1920 Supplement

The Ampico reproducing piano Inspector’s Instruction Book Copyright 1923

The Ampico reproducing piano Service Manual 1929

In this paper these are usually referenced by a shortened name;, cases for which there may be a question as to which one is being referenced, the date shown above is also given to distinguish which one is being referenced.

For the remainder of this article I will assume that all values stated in the Ampico publications listed above are accurate to one place past the decimal. I.e. pump pressure is given as 20" I assume is equal 20.0".  There are many factors not considered in these calculations; the guide line I use to determine whether the calculations are accurate enough is that if the theoretical calculated dB values are within 1/2dB or less from the dB values calculated from actual measured pressure readings, then they are considered acceptable and no further research is needed.  This policy keeps the errors below the ability of the human ear to detect in average listing conditions. 

In pneumatic systems like this one the term inches of water is used to mean the difference in pressure between two different parts of the system.  In this article the term will mean the pressure difference between inside the unit under study and the atmosphere unless otherwise stated.  In the Ampico the pressure in the system is always less than the pressure of the atmosphere therefore sometimes the term vacuum is used instead of pressure for these values.  In the player piano world the following terms are often used interchangeably for the pressure differential mentioned above; 


pressure, vacuum, inches of water, inches of H2O, inches, and the symbol  " i.e. 20". Any of these terms might be used in this article.

I have tried to make this paper such that readers of different backgrounds can gain something from reading it.  I have tried my best to make it error free but if you see anything incorrect in this paper please feel free to let me know.  The intent is to improve the general knowledge about the Ampico A.


II Overview of Ampico A expression system
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A very simple schematic of the expression system
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The expression system is a pneumatically operated system that controls the amount of air that flows through the regulator valves thus helping to regulate the pressure in the player stack.  The player stack is the portion of the system that actually strikes the notes.  The striking force therefore the volume (loudness) of the notes is determined by the pressure in this part of the system.  There are two identical expression systems controlled by holes in the piano roll these systems are called the dynamic mechanism in the 1919 manual.  The player stack is actually divided in half and each has its own expression system.  Only one expression system is shown here to simplify the diagram.  Note the amplifier is not shown in this diagram. 

The Ampico A system is a pneumatic system that operates the piano in which it is installed using a punched paper roll to control the system.  Basically it is a player piano with the addition of a volume control mechanism.  The roll is basically an 88 note roll with extra punches along the margin to control the playing volume and pedaling. The system playing volume is based on the volume the recording artist used when he made the master recordings.  In the Ampico A system, much effort was placed on the precise timing of the playing of the notes and achieving the same relative volume of playing that the recording artist used.  To accomplish these goals the system requires a stable regulated partial vacuum source.  The Ampico A used a device commonly called the pump.  The pump system has a spring loaded spill value and a spring loaded bellows called the reservoir. The pump is a four bellows type; these bellows are arranged so that each bellows makes one complete open and close cycle per revolution of the pump.  Each bellows starts at a different portion of the open and close cycle but make a complete cycle per revolution of the pump, each one returning to its original starting point.  This is done to smooth out the output of the pump. (Output here refers to the output of vacuum of the pump, or in other words the flow of the partial vacuum into what ever the output of the pump is connected to.  (This is much like in electronics when one is considering hole flow instead of electron flow.)  The output is further smoothed out by the reservoir, (see drawing); by smoothing I mean the amount of vacuum per unit of time is closer to being equal.  Since the pump is made up of four equal size bellows being opened and closed at a fixed rate.  The rate is fixed because the RPM of the motor that operates the pump is fixed.  Therefore the amount of air moved by the pump is fixed.  Therefore no matter what the rest of the Ampico A system is doing the amount of air flowing through the pump is always the same.  Now with some simple mechanical explanations and electrical analogous circuits I will show how the system varies the pressure in the player stack causing playing volume changes.

Starting with the reservoir, as the pressure of the pump output goes up the reservoir bellows starts to collapse stretching its spring ( Actually the spring is inside the bellows and it is a compression spring thus the actual spring is being compressed but the physics is the same.) as the spring stretches it stores energy.  The energy that stretches the spring comes from the pressure in the system thus reducing the pressure in the system.  When the output pressure of the pump drops below the pressure at peak output, the spring starts pulling the bellows open.  In other words the spring is releasing some of its stored energy.  As the bellows opens it removes some air from the system as it does it is increasing the pressure in the system.  As the pump continues to run this cycle is repeated over and over again thus the reducing of the higher pressures and the increasing of the lower pressures is continually repeated smoothing out the pump output. (Equalizing the output.)  As the pump runs much of its total air flow is through the spill valve and the rest of the air flow is through the rest of the Ampico system.  The amount of air flowing through the spill valve is determined by the amount of tension placed in its spring.  The spring tension is adjusted by the number of coils in the spring that are used.  This is accomplished by screwing the spring up or down on its hitch pin.  The amplifier, when activated, does nothing more than increase tension on the spill valve spring.  The force of the atmospheric pressure on the top of the spill valve is tending to open the valve and the opposing spring force is trying to close the valve.  When these two forces are equal, the system is stable, or in other words the valve opening is stable and the pressure is stable.  These values remain fixed until either one is changed by some external force.  If the pressure in the system starts to drop, due to change in load caused by the playing of the Ampico the pressure on the spill valve drops thus creating a force mismatch between the atmospheric pressure on the top of the spill valve and the spring force the force of the spring will now be greater than that of the force on the valve due to the pressure differential across the valve thus pulling the valve towards the closed direction.  As the valve closes it increases the pressure (vacuum) in the system.  This continues until the forces are once again balanced thus returning the pump pressure back to its original pressure. (In actuality the pressure will not be exactly restored due to the K factor of the spring)  This process is reversed when the load form the system decreased thus we know the pressure in the pump system is maintained very close to its original set pressure (usually 20 inches of water, or when the amplifier is active, the pressure is usually at some value greater than 20 inches of water).

Next I will discuss the system in terms of an electrical analog.

  (Mechanical devices can be evaluated by using electronic equivalents because mechanical components act analogous to certain electronic components.)
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In this analogous circuit:

Voltage is analogous to Pressure, E = Electromotive force:  Volts,  V  is the unit of EMF

Current is analogous to amount of air flow, I = current:   Amps,  A   is the unit of current

Resistor is analogous to a restriction of air flow, R = Resistance:   Ohm,Ω  is the unit of resistance

Constant current supply represents the pump (the pump having a fixed amount of airflow)

The reservoir bellows and spring is analogous to a capacitor 

Resistor R1 represents the amplifier (amplifier not shown in pneumatic schematic)

Variable resistor R2 represents the spill valve

Variable resistor R3 represents the regulator / expression valve 

Resistor R4 represents air flow into the player stack. (Its value will change when notes are being played or sustained)

Switch S1 turns the amplifier on or off shown with the amplifier on

Electrical equations used in this explanation.  

Ohm’s Law     E = I × R,   I = E / R and R = E / I

Total value of two resistors in series RT = R1 + R2


Power P = I × E   The unit of power is Watts, W

Note:  The electrical equations in this example do not give the complete picture of how pneumatics works but for these basic concepts they work well.  A more technical explanation is given in the next section.

In the analogous circuit the voltage (pressure) across the system is maintained at a set value by the automatic adjusting of the spill valve R2.  Also the current (amount of air flowing per unit of time) in the pump is constant. This means as the load of the Ampico system changes the spill valve R2 value changes maintaining the voltage across the system at its set value. (This is normally set to 20 inches of water)  Since the Current of the pump never changes and the voltage across it is maintained at a fixed value (with the amplifier off) then the load on the pump will not changes. 
 P = I ×E, Power in watts equals Current multiplied by Voltage. (E = Electromotive force in Volts and I Current in Amps.) If the amplifier is turned on and activated, then the voltage across the system would increase and therefore the load on the pump would increase.  With this knowledge we know the load on the pump remains constant no matter how demanding the roll or until the amplifier is turned on and activated then the load changes to a new fixed value.  Since current remains constant and voltage increases when the amplifier is on and activated the power must increase, P = I × E.

The following is based on the amplifier remaining off, S1 closed.  Since the voltage across the system is fixed, this means the voltage across R3 + R4 is maintained at the set value. The player roll controls the value of R3 and the value of R4 is fixed. (If no notes are playing; for this discussion we will assume no notes are being played. What takes place when notes are played or sustained will be discussed in the next section.) When the roll changes the value of R3 the voltage across R4 must changes thus the playing volume changes.   The following is a electrical explanation of why this is true.

With the pump and equalizer set by the spill valve to 20 volts (pressure) lets consider what happens to the voltage/pressure in the player stack as the value of the regulator valve R3 changes. Suppose that R3 and R4 were both equal to 10 Ohms and the voltage across them was 20 Volts. The total value of R3 and R4 would be, RT  = 10 + 10  RT = 20 ohms  then the current through them would be I = E/R or I = 20V/20 = 1amp.  Since in a series circuit the current is the same through the circuit we can calculate the voltage across R4 our playing voltage (pressure)   E = I × R    E = 1Amp ×10   = 10Volts, Playing Voltage/Pressure

Now suppose the roll changed the value of R3 form 10 to 1  Then our total Ohms value across R3 and R4 would now be RT = 1 + 10 = 11  This would cause a change of current in the resistors.   I = E / R   20v / 11 =1.81818A so now the voltage across R4 would be E = I ×R = 1.81818A ×10 = 18.1818V our new playing voltage (pressure).  The reverse would also be true if the value or R3 increased, the voltage across R4 would decrease.

R2 is maintaining the system pressure by bypassing some of the pump current/air flow, the amount being controlled by the spill valve spring.  When the amplifier is turned on and activated the spring tension is increased by the amplifier pneumatic which pulls up on the spill valve spring a set amount, thus increasing the total spring tension.  This sets the regulated system pressure/voltage to a greater value.  The new spring tension is causing the spill valve to close further increasing its resistance to air/current flow, but does not stop the spring from maintaining this new pressure.  Since the total value of the two resistors in series is additive it can easily be seen that opening switch S1 adds R1 in series with R2 increasing the total value of spill valve resistance to current/air flow.  R1 is shown variable representing the amplifier adjustment screw.

Since voltage is analogous to pressure we have shown that as the resistance to air flow across the regulator valve decreased the pressure across the player stack increased.  When I say across it I mean the difference between the atmospheric pressure and the pressure inside the player stack.  As the pressure inside the player stack increases thus the pressure in the player pneumatics would increased if the system is called upon to play a note, the striking force and playing volume would increase. It can now be seen that for every value of R3 the regulator valve there is a corresponding value of playing pressure and volume.

These R values used above were chosen to make the mathematics simple and therefore easier to understand.  The actual values are unknown but the concepts apply no matter what the actual values are. 

The following is a hypothetical graph showing the values of the regulator valve, stack pressure, and the playing volume of a single note in dB’s relative to step 1 at 5.5 volts/pressure.  Under the following conditions, the value of R3 regulator valve varying in .5 steps.  The system pressure is set to 20 volts/pressure, R4 the opposition to air flow into the player stack is set to 10y observation of the chart it can be seen as the value of the regulator valve changes linier it causes a logarithmic looking change in the stack pressure which produces a nearly linier change in volume

     R4 changes when notes are played but they are compensated for by the expression mechanism, See section III.
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(How Db are calculated will be shown in the next section.)

This chart is to show basic concepts only. It does not represent the actual operation of the Ampico.

III Ampico A steps

The dynamic steps of the Ampico A are accomplished by the Expression Mechanism.  This is accomplished by changing the regulator valve position.  Which position the valve is in at any given time is determined by the coding on the player roll and the amount of air flowing into the player stack from outside of the system.  (Some sources are, leaks, and air flowing through bleeders when notes are being played. R4 represented this valve in the overview schematic.) 
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Expression Mechanism

When I received the July/August 1997  issue of the AMICA Bulletin I found information that was very helpful in writing this paper.  In the Bulletin was an article by David L. Saul about the Ampico A expression regulator.  The majority of this section is built around the information in his article.  The article is a must read if you are an Ampico A enthusiast. 

Mr. Saul developed a formula for calculating the theoretical pressures used by the Ampico A for the dynamic steps.  His equation is a basic mathematical modal of the Ampico A expression mechanism but the modal dose not cover the crescendo effects.  His article does cover the effect the crescendo has on the dynamic steps.  I will not attempt to explain the development of this equation in this paper since Mr. Saul did such an elegant job in his article. 

First I developed the following nomenclature.
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Calculating the theoretical steps Using David L. Saul’s equation

Using Saul’s formula, I calculated the precise pressures for the 7 steps in normal and brilliant modes. (This was also shown in his article, also shown here for clarity. There is a alternate step 4 coding used by the system.  For clarity this alternate step 4 is not shown.  When I calculated alternate step 4 it fell well within the ½ dB guidelines stated in the introduction.)
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The value 4 in the first 3 terms of the equation is the Working area of the movable board in the intensity pneumatics which is 4 square inches, (4in2).

The 0.6 term is the effective working area of the regulator valve in in2. 

 Mr. Saul set 
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The Ampico A manual establishes 
[image: image19.wmf]"

20

=

S

P



[image: image20.wmf](

)

(

)

(

)

(

)

0

6

.

0

4

81

.

8

44

.

7

4

81

.

8

88

.

4

4

81

.

8

25

.

2

1

1

1

1

=

-

-

-

+

+

spr

T

T

T

T

F

P

S

P

P

P

P

  

This is Mr. Saul’s mathematical model of the Ampico A Expression Mechanism. (See his article for details on how he developed the equation.)
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 EMBED Microsoft Equation 3.0 [image: image22.wmf](
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 EMBED Microsoft Equation 3.0 [image: image23.wmf](
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= Force applied by spring pneumatic to regulator valve in special force units
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Assign the known values form above into the Equation and solve for 
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As stated above
[image: image30.wmf]spr

F

is the force applied by spring pneumatic to regulator valve; l this force is from the difference in pressure between the atmosphere and the pressure inside the spring pneumatic.  Since when there is no crescendo or decrescendo effect taking place the crescendo mechanism acts as a pressure regulator for the pressure in the crescendo mechanism, this force remains fixed except during crescendo or decrescendo effect.  Once the value of 
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is established at setup it remains the same except during crescendo or decrescendo effects throughout the playing of the Ampico A even when the pump pressure changes when the amplifier is active.

An explanation of “s.f.u.” is in order at this point so I will quote From David L. Saul’s article.

“Length can readily be measured in inches, and area in in2.  Although scaled conveniently for practical measurements, inches of water is not a properly defined unit for use in engineering or physics calculations.  Nearly all suction level measurements in player work, however, are scaled in inches of water.  For convenience, we can introduce a slightly modified system of units that will allow direct use of these measurements.  By so doing, we can avoid continual conversions into, and out of less familiar pressure units.  Toward this end, a re-defined unit of force can be introduced to satisfy the relationship of 

(1)  Pressure = Force/unit area

     For our specific needs, this becomes

(2)  In. of water = Force/in2

Since 1 inch of water converts to approximately 0.57802 oz/in2, we can see that the unit of force in (2) has to be equivalent to 0.57802 oz.  If we call 0.57802 oz. a “special force unit,” abbreviated as “s.f.u.” we can see that one inch of water equals one s.f.u. per square inch’ or

(3)  1 in water = 1 s.f.u./in2”
This is not a unit of force likely to be found in any textbook, but it is sufficiently well defined to yield correct answers for our purposes.  When needs dictate (not often, and that’s the whole point) these special; force units easily convert to ounces or other units.

Next solve Mr. Saul’s equation for. 
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This will become all values of 
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as different terms of the equation that represent force applied by intensity pneumatics to regulator valve become 0. They become 0 as the roll calls for different steps of dynamics.  This is accomplished by removing regulated pressure and applying atmospheric pressure to a intensity pneumatic or pneumatics.
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 EMBED Microsoft Equation 3.0 
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Substitute into the equation
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 this value was established above and remains this value as long as the crescendo mechanism is not active.
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This is an equation that can be used to calculate all values of 
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P

 with the setup parameters given above. Pump pressure set to 20 inches of water and step 1 set to 5.5 inches of water and the Ampico in the normal mode.

The first three terms in the denominator of Mr. Saul’s equation represent the forces exerted by each of the intensity pneumatics on the regulator valve.  The first term in the denominator represents the force from intensity valve number 1, the second term the force form intensity valve 2, and the third term the force form intensity valve 3.  These forces work against the spring pneumatic along with the forces on the regulator valve to determine the position of the regulator valve.  The position of the regulator valve determines the pressure in the player stack.  As the roll calls for different steps of volume, it does so by causing different combinations of the intensity pneumatics forces to become zero.  If the different ones of the first three terms in the denominator of our new equation are allowed to become zero, the results will be the value of our steps.  The combination of terms we choose determines what step it will be.

Next calculating these values yields the following.

P1T  = 5.5”  Given
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, Intensity pneumatic no. 1 drops out, becoming 0,

Continue letting the appropriate terms of the equation become zero in value and solving the equation as above for PnT yields the following.

P2T = 6.4”

P3T = 7.9”

P4T = 10.3”

P5T = 14.1”

P6T = 24.5”  Since the value called for exceeds the supply, the actual pressure for step 6 would be 20”

P7T = 66.2”  Since the value called for exceeds the supply, the actual pressure for step 7 would be 20”

Note the 
[image: image48.wmf]nT
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 equation solves for the pressure in the active intensity pneumatics required to produce a force on the regulator valve that will balance the force created by the pressure difference across the regulator valve and the force of the spring pneumatic upon the regulator valve.  Since the pressure in the intensity pneumatics is coming from the air regulated by the regulator valve the values of 
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 through 
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 will be those calculated by the equation but since the pressure required to balance the forces on the regulator valve in 
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 and 
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 are greater than the pump pressure the system will not be balanced.  The force of the spring pneumatic will be greater than the forces of the intensity pneumatics forcing the regulator valve fully open and the pressure on the regulated side of the valve will equal pump pressure.

Calculating the value of each step with the amplifier fully on is a very similar procedure again using the equation for 
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P

developed above.  The 1923 Ampico manual called for a pump setting with the amplifier on to be 27" to 30”.  I chose 30” for my calculations.  (The value of 
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will remain the same 27.7 s.f.u. as long as the Ampico A has been regulated to these values 
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 = 20”, and P1T  = 5.5”, actually there are variable that have a slight effect on the value of 
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 which will be discussed later for now 
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 will be considered to remain absolutely  constant . 
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 is set when adjusting the dynamic mechanism to achieve correct value for step 1.(In this example step 1, P1T is set to 5.5”)  
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Placing the value of the variables just established into the equation yields: 
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This is the equation for the all values of 
[image: image62.wmf]nT

P

with the amplifier on and activated and the amplified pump pressure set to 30 inches of water.  

Calculating for the pressure of each step with the amplifier on and activated yields the following. (Again letting the appropriate terms of the equation become zero in value and solving the equation as above for all PnT yields the following.)

P1T = 6.3”

P2T = 7.4”

P3T = 9.1”

P4T = 11.9”

P5T = 16.2”

P6T = 28.2”

P7T = 76.2” since the value called for exceeds the supply, the actual pressure for step 7 would



be 30”

There is a roll coding technique that can be used to cause any of these values to appear in the player stack.  If one regulator valve was set to bring on the amplifier but the other one was not. (Note the  1919 Ampico manual states in part on page 52  when the windchest reaches a tension of 15”, or a little above No. 5 intensity the amplifier collapses, raising the pump tension. Therefore if a dynamic mechanism is set to step 6 or 7 and the system is in the brilliant mode the amplifier will be turned on. )  The one that was not set high enough to cause the amplifier to come on would still be affected by the amplifier because the other one has raised the pressure in the pump by causing the amplifier to be activated thus increasing the pump pressure.  Those steps called upon at this time by the side not set high enough to activate the amplifier would still be altered by the amplifier because of the higher pump pressure.  In my limited study of roll coding I have only observed this technique used on steps 3, 4, and 5.  Since these steps have been altered or amplified form there normal value for this paper I have called them steps 3A, 4A, and 5A  (note: do not confuse this step 4A with the alternative setting for step 4 see 1919 manual page 10.)

Solving for acoustical dynamic steps of the Ampico A

First some preliminaries 

Starting with the decibel equation used to calculate the number of dB between two different pressure levels in the player stack:
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Since this equation is dealing with the change in sound volume, only the amount of pressure that creates sound was used.  Which is
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P

.

(see appendix ii for an explanation of this equation. )
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the stiffness of the piano action.)

(see Appendix iii for details explanation of this term and where the value was determined)

Now knowing the PA and the theoretical PnT for the Ampico A, the theoretical dynamic steps for the Ampico A can be calculated.

First solve this equation 
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Now use the PnT ‘s calculated from Mr. Saul’s equation and the PA  (4") from above and solve for all 
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 (pressure used to create a sound) we get the following for each step.

Amplifier off


Amplifier on and activated
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P1 = 5.5 - 4 = 1.5

P1 = 2.3 (I have never observed this value being used)

P2 = 2.4


P2 = 3.4 (I have never observed this value being used)

P3 = 3.9


P3 = 5.1 (note this is the step value I am calling step 3A)

P4 = 6.3


P4 = 7.9 (note this is the step value I am calling step 4A)

P5 = 10.1


P5 = 12.2 (note this is the step value I am calling step 5A)

P6 = 20 – 4 = 16.0

P6 = 24.2

P7 = 20 – 4 = 16.0

P7 = 30 – 4 = 26.0

Now using the dB equation we can solve for the theoretical dB steps of the Ampico A for any given note.

Let step 1 be the starting reference.  Using the dB equation we can solve the dB gain each step has over the preceding one.

With the amplifier turned off the system can perform the following steps.

Step 1 = 0 dB our reference (Note the actual value of step one for any given piano is determined by the piano and the value used for step one.  I set this value to 0 a reference. With this in mind no matter the piano or its setup values the remaining steps values are relevant to its step 1. Therefore these the remaining step values show the dB values changes above whatever the pianos actual value at step 1. (remember these values are only valid for a system setup to the values given above.)
Step 2 =  (using dB equation) 10 log 
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/ 
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= 10 log 2.4/1.5 = 2.0 dB greater than step 1

Step 3 = 2.1 dB greater than step 2     10 log 3.9/2.4 = 2.1 dB greater than step

Step 4 = 2.1 dB greater than step 3

Step 5 = 2.0 dB greater than step 4 

Step 6 = 2.0 dB greater than step 5

Step 7 = 0  dB greater than step 6

(These numbers show the theoretical gain in dB each step has over the preceding one with the amplifier off.)

With the amplifier turned on the system can perform the following steps. (Note: The amplified steps 1 and 2 are not shown.  I have never seen them coded in rolls.   I believe steps 1 amplified and 2 amplified are not normally used because they do not occur in a linier progression of volume as do the others.)

Again using step 1 with amplifier not activated as the starting reference let us solve for the dB gain of each step that can occur with the amplifier turned on.  They are shown in the order of increasing volume.

Step 1
= 0.0 dB (amplifier not activated) our reference

Step 2
= 2.0 dB greater than step 1 (amplifier not activated)

Step 3
= 2.1 dB greater than step 2 (amplifier not activated)

Step 3 amplified = 1.2 dB greater than step 3 (amplifier activated)

Step 4
= 0.9 dB greater than step 3 amplified (amplifier not activated)

Step 4 amplified = 1.0 dB greater than step 4 (amplifier activated)

Step 5
= 1.1 dB greater than step 4 amplified (amplifier not activated)

Step 5 amplified = 0.8 dB greater than step 5 (amplifier activated)

Step 6
= 3.0 dB greater than step 5 amplified (amplifier activated)

Step 7
= 0.3 dB greater than step 6 (amplifier activated)

I show only the steps that give the most linier step gain here although any of the amplified steps may be used by the coders of roll.  
(These numbers show the theoretical gain in dB each step has over the preceding one)

These values are all derived form data calculated using Mr. Saul’s equation which does not take into account all of the variables that affect the pressure in the player stack. When Mr. Saul compared values measured on his Ampico A regulated to the exact same pressures as used in his calculations he found very little difference.  The greatest error occurred in amplified step 6.  The error was about 2" of water difference between measured and calculated with the measured being the lesser of the two.  This represents an error of only .38dB well within our acceptable range.  

By listing the dB gain each step has over the preceding one allows one to easily see that each step is approximately 2 dB in value and the amplified steps fall approximately half way between the preceding and following steps. With this in mind one might consider steps 3A, 4A, and 5A to be half steps.  Note:  Steps 3 amplified, 4 amplified, and 5 amplified will only fall about half way between the other steps if the amplifier is set so it raises the pump pressure 10 inches of water greater than the pump is set with the amplifier not activated.

Using the data from above, the total dB of the Ampico A’s dynamic steps can be calculated when calibrated to the values used above which are within the values given in the 1923 reference book.  First I’ll demonstrate this by adding up the steps.

Step 1
= 0.0 dB (amplifier not activated) our reference

Step 2
= 2.0 dB greater than step 1 (amplifier not activated)

Step 3
= 4.1 dB greater than step 1 (amplifier not activated)

Step 3A= 5.3 dB greater than step 1 (amplifier activated)

Step 4
= 6.2 dB greater than step 1 (amplifier not activated)

Step 4A= 7.2 dB greater than step 1 (amplifier activated)

Step 5
= 8.3 dB greater than step 1 (amplifier not activated)

Step 5A= 9.1 dB greater than step 1 (amplifier activated)

Step 6
= 12.1 dB greater than step 1 (amplifier activated)

Step 7
= 12.4 dB greater than step 1 (amplifier activated)

This gives a total of 12.4dB the Dynamic Mechanism can change the volume of playing of a given note.  Another way of solving for the total dynamic range of the “Dynamic Mechanism” is to use our dB equation and solve the change in dB from the softest playing step 1 to the loudest playing step 7 with the amplifier on.

 P1 = 5.5 - 4 = 1.5"; the lowest sound producing pressure and P7 = 30 – 4 = 26.0"; the greatest sound producing pressure.  Using the dB equation the maximum dynamic range caused by the stepping mechanism can be calculated: 
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  So 12.4dB is the maximum dynamic range caused by the stepping mechanism for any given note of the Ampico A set to the pressures used for the above calculations.  Note the piano’s action would also have to require exactly 4 inches of water to overcome friction before a sound was produced.

With these figures it can be seen that the only time the Ampico A is using all Seven of the steps is when the amplifier is turned on. The Amplifier must also be turned on for the amplified/alternate steps to be utilized.  In other words with the amplifier on (Ampico set to brilliant mode) is when it is giving its truest reproduction.  Note: even with the amplifier activated step 7 is of minimal step value with respect to a dB change.

In section V it shows that the soft pedal should reduce the dB level by 4 dB.  Now adding the soft pedal affect to the list of steps with the Ampico in the Brilliant mode, of the dynamic steps used by the Ampico A can be shown.  I chose step 1 to be a reference and it was set at 0 dB so step 1 with soft pedal on would be 0 dB minus the 4dB reduction caused by the soft pedal or - 4 dB. Next is a list of all of the possible dynamic steps including the soft pedal affect.  Note: Only steps 1 and 2 are shown with the pedal on other steps may occur with the pedal on but the dynamic value would not be much different in value than one of the other steps with the pedal off.  

Step 1 with soft pedal on = 0.0 – 4.0 = – 4.0 dB less than step 1 (amplifier not activated)

Step 2 with soft pedal on = 2.0 – 4.0 = –2.0 dB less than step 1 (amplifier not activated)

Step 1
= 0.0 dB (amplifier not activated) our reference

Step 2
= 2.0 dB greater than step 1 (amplifier not activated)

Step 3
= 4.1 dB greater than step 1 (amplifier not activated)

Step 3 amplified = 5.3 dB greater than step 1 (amplifier activated)

Step 4
= 6.2 dB greater than step 1 (amplifier not activated)

Step 4 amplified = 7.2 dB greater than step 1 (amplifier activated)

Step 5
= 8.3 dB greater than step 1 (amplifier not activated)

Step 5 amplified = 9.1 dB greater than step 1 (amplifier activated)

Step 6
= 12.1 dB greater than step 1 (amplifier activated)

Step 7
= 12.4 dB greater than step 1 (amplifier activated)

These numbers show the theoretical gain in dB each step has over step 1 (the reference.)  For clarity I’ll shift our reference to the softest playing step which is step 1 with soft pedal on.  This can easily be done by adding 4 dB to each step. Doing so gives the following. 

Step 1 with soft pedal on = 0.0 dB our reference

Step 2 with soft pedal on = 2.0 dB

Step 1
= 4.0 dB 

Step 2
= 6.0 dB 

Step 3
= 8.1 dB 

Step 3A= 9.3 dB 

Step 4
= 10.2 dB 

Step 4A= 11.2 dB 

Step 5
= 12.3 dB 

Step 5A= 13.1 dB 

Step 6
= 16.1 dB 

Step 7
= 16.4 dB The total change in volume the Ampico A can have over a given note when set up with the values used above.

The following is a plot of the steps shown above.

 SHAPE 



Note: There are many other values that fit the criteria listed in the Ampico A reference manuals for setting up the Ampico A.  The ones used above are the ones that this mathematical modal showed to give the most linier (evenly spaced) steps and stay within those criteria given in the reference manuals. 

I have shown mathematically how the dynamic mechanism works now I’ll discuss how it compensates for changing air flow in the mechanism due to changes in leaks or notes being played or sustained.  

(I will be referring to the electrical analogous circuit shown in section II and the diagram of the dynamic mechanism shown in this section.)(The R values used in the following discussion are chosen to demonstrate what is taking place but do not show actual values)
When a note is played there is a momentary increase in air flow from the player stack through the dynamic mechanism to the pump.  This is from several sources, air that travels around the valves into the stack as they travel from one seat to the next, air flows into the player stack through the primary valve bleeders, air exhausted from the striker pneumatics also goes into the player stack.   Some other causes of change in air flow into the stack are, air continues to flow through the bleeders as long as the note is sustained, leaks into the player stack can change due to changes in the temperature and humidity, and from normal ware as the system is used. All of these are represented by R4 in the electrical analogs circuit.  As air flow increases the value of R4 decreases and as air flow decreases the value of R4 increases.  Simply put the greater the air flow means there is less opposition (resistance) to air flow.  

Starting with the calculations used in section II explaining how changing the regulator value R3 caused a change to the pressure in the player stack, we started by assigning R3 and R4 the value of 10 This produced a pressure in the player stack with respect to atmosphere of (voltage across R4) of 10 volts.  Suppose at this intensity step some notes are played.  What happens to the pressure/voltage in the player stack?  This is represented in the electrical analogous circuit by the value of R4 decreasing.  Let’s say the value of R4 drops from 10 to 5.  Now solve for the new voltage/pressure in the player stack.  First solve for the total resistance across R3 + R4.

RT = R3 + R4

RT = 10 + 5

RT = 15

Next solve for the current through RT.

I = E/R
    (E is the regulated pump pressure/volts, established in section II at 20 volts)

I = 20 Volts/ 15 Ohms = 1.3333 Amps

Since the current is the same in all components in a series circuit, it follows that the current flow in R4 will be 1.3333A.  With this information now solve for the voltage across R4 (pressure/volts in player stack)

E = I X R

E = 1.333 A X 5

E = 6.666 volts (new pressure in the player stack.)

One can see form this that the original voltage across R4 has dropped considerably. 

Looking at the drawing of the dynamic mechanism it can be seen that the pressure in the intensity pneumatics is the same as that in the player stack.  Since this pressure has decreased the down force exerted by the intensity pneumatics on the regulator valve has decreased.  The up force on the regulator valve by the spring pneumatic does not change because the pressure supplied to it is regulated to a fixed amount by the crescendo mechanism.  (As long as there is not crescendo or decrescendo effect taking place.)  This means the up force and the down force on the regulator valve is no longer in a state of equilibrium therefore the stronger force from the spring pneumatic starts to force the regulator valve more open.  In the electrical analogous circuit this value is represented by R3.  Thus R3’s value decreases.  Going back to the electrical analogous circuit I’ll show what this does to the pressure/voltage in the player stack.  The values of R4 had decreased to 5 and now the value of R3 has decreased. At some moment in time assume that R3 value has now decreased to 9.  What does this do to the stack pressure?  Following the same procedure demonstrated previously provides:

RT = R3 + R4

RT = 9 + 5

RT =14 

I = E/R

I = 20 V/ 14 = 1.428A current in R4 

E = I X R4

E = 1.428A  X 9 = 7.142V new voltage/pressure in player stack at the chosen moment in time.

In the next moment assume that the value of R3 has become 7. Again solving for our new stack pressure.

RT = R3 + R4

RT = 7 + 5

RT =12 

I = E/R

I = 20 V/ 12 = 1.6666A current in R4 

E = I X R4

E = 1.6666 X 58.3333V new voltage/pressure in player stack as times moves on.

The Voltage across R4 increases as R3 value decreases.  This will continue until the up and down forces on the regulator valve are once again at equilibrium.  This was when the pressure in the player stack was at 10 volts or in other words when the voltage across R4 was returned to its original value.  Thinking pneumatically, as the pressure in the player stack starts to drop, the pressure in the intensity pneumatics decreased equally, thus the force on the regulator valve stem decreased and the forces on the regulator valve are no longer at equilibrium.  This means that the spring pneumatics force on the regulator valve stem is larger, thus it opens the regulator valve until the two forces are equal again and this will occur at the point at which the pressure in the intensity pneumatics again is equal to the pressure before the change in air flow occurred.  This shows that the dynamic mechanism does compensate for the changes in air flow to the player stack.

Another way of looking at this is to go back to Mr. Saul’s equation solved for
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. Total pressure of any dynamic step. 
[image: image82.wmf](

)

(

)

(

)

ú

û

ù

ê

ë

é

+

+

+

=

6

.

0

4

81

.

8

44

.

7

4

81

.

8

88

.

4

4

81

.

8

25

.

2

7

.

45

nT

P

 

(Equation shown is the one for amplifier on and activated.)

Note that there are no variable in the equation for the value of how much air is passing through the mechanism. 

This shows that the values of 
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 are not dependent on air flow.

Cloth Factor
It was stated earlier that there were other factors that influenced the values of 
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 and Mr. Saul found some minor discrepancies between some of his calculated values and those he measured on his Ampico A.  The greatest discrepancy occurred at Ampico step 6 in the brilliant mode (amplifier turned on); his equation showed this would be 28.17 inches H2O and his measured value 26 inches H2O, although his equation produces values that fall within the criteria that I set up at the beginning of this article an error of ½ dB or less between calculated and measured data.  I would like to mention one more factor that influenced the values of the dynamic steps.  This is the fact that the force applied by the spring pneumatic decreased as the pneumatic closes.  Cloth factor is my term for the change in force applied by a pneumatic as it closes or opens due to the force applied by the cloth towards collapsing changes as the shape of the cloth changes in relationship to the boards.  (See Appendix i cloth factor for more details)  The following graph shows the force applied by the spring pneumatic to the regulator valve as the spring pneumatic closes while maintaining the same pressure in the pneumatic.  This graph does not show the total possible range of the pneumatic but it includes the range of closure that is used by the expression system if it is set up normally.  For the rest of this section I have been using the same values that Mr. Saul used in his article and therefore this chart is based on setting the pressure in spring pneumatic to 3.7 inches of water as he recommended. 

(This chart is from Appendix i)

Lets see how much that the “cloth factor” influences the value of step 6.

Again turning to Mr. Saul’s mathematical modal solved for
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  this time leaving the term 
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 as a variable. This gives an equation that can be used to solve for the value of 
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 at any new value of 
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 (Force applied by spring pneumatic in special force units, s.f.u.).  This will gives us a formula that will solve for the value of 
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 as the force of the spring pneumatic changes due to the cloth factor.

Substitute into the equation the known value of PS supply pressure (pump pressure) PS = 20”


[image: image90.wmf](

)

(

)

(

)

ú

û

ù

ê

ë

é

+

+

+

+

=

6

.

0

4

81

.

8

44

.

7

4

81

.

8

88

.

4

4

81

.

8

25

.

2

)

20

(

6

.

0

spr

nT

F

P



[image: image91.wmf](

)

(

)

(

)

ú

û

ù

ê

ë

é

+

+

+

+

=

6

.

0

4

81

.

8

44

.

7

4

81

.

8

88

.

4

4

81

.

8

25

.

2

12

spr

F

P

nT



[image: image92.wmf][

]

6

.

0

38

.

3

23

.

2

02

.

1

12

+

+

+

+

=

spr

nT

F

P


Remember the equation can solve for any PnT as different ones of the first three terms of the denominator becomes zero.

First a quick check 

(Note: Above the force applied by the spring pneumatic (
[image: image93.wmf]spr

F

) is calculated to be 27.7 s.f.u. when P1T = 5.5 inches of water and Ps = 20 inches of water.)
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Inches of water

Since the greatest error occurred with the amplifier turned on and activated, Mr. Saul’s Equation needs to be solved as above but with the pump pressure Ps set to 30 inches of water as was used by Mr. Saul.

That equation would be:
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For this equation to yield the value of P6T , the second and third terms of the denominator have to be allowed to become zero. 
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Solving the equation without correcting for the cloth factor yields:
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This gives the same results as before as expected.  Now find the force applied by the spring pneumatic including the cloth factor when step 6 is called for, and use this new Fspr to calculate the value of P6T corrected for cloth factor.  To find the force applied to the regulator valve by the spring pneumatic at step P6T  the amount the spring pneumatic is open at step 6 must be known then the spring force  can be obtained from the above chart.

On my 1921 Ampico I measured at step 1 the regulator valve was above its seat by a distance of .003”, again using my Ampico I measured a valve travel of about .020” from the valve seat to the step 6 position with the amplifier on.  Note for these measurements the system was setup to the values that have been used throughout this paper.
These value will vary depending on the pressure set for step one, the condition of the Ampico mechanism and the number of notes being sustained or played at the moment of measurement.  Using these approximant values and the above chart, the force the spring pneumatic applies to the regulator valve at step 6 with the amplifier on can be solved.  At step 1 the actual force the spring pneumatic applies to the regulator valve is 27.7 special force units. From the definition of special force units, 1 s.f.u. = approximately .578 Oz.   Converting 27.7 s.f.u. to Ounces.      27.7 s.f.u.  X .578 Oz. = 16.01 Oz.  Dividing this answer by 16 (The number of ounces in one pound) and provides the force the spring pneumatic applies to the regulator valve at step 1 in pounds or about 1lb.  Below is a zoomed in view of the spring pneumatic force curve shown above.

.

By using this chart we see that the spring pneumatic is opened to a distance of .945 inches at step 1. (the point at which it is applying 1lb of force on the regulator valve)  This is wider that some setup guidelines recommends but with the pressure in the spring pneumatic set to 3.7 inches this will be the opening required to set step 1 to 5.5 inches of water. These values are true for my Ampico on which the above curve and measurements were made.  (Note when I rebuilt my Ampico back in 1969 I had not seen any documentation regarding what the maximum opening of the spring pneumatic should be.  So when I recovered them I set the maximum to one inch because that is the maximum opening I measured on the spring pneumatics before removing the old cloth.) Since the valve was .003 inches above the valve seat at step 1 and .020 inches above the seat at step 6 with the amplifier on one can calculate how far the valve traveled to reach the step 6 position and from that the amount the spring pneumatic is opening at step 6.  First subtract the two to determine how far the valve traveled from step one to reach step 6 position.  .020 - .003 = .017 inches.  Now this must be multiplied by a leaver factor to determine the distance the spring pneumatic closed. .017 ” X .909 leaver factor = .015453 inches.(See below for more information about this leaver factor)  I found above that the spring pneumatic was open .945 inches at step 1 and it collapses a distance  .015453 inches to reach step 6 position with the amplifier on.  So subtracting the two provides the opening of the spring pneumatic at step 6.  .945 - .015453 = .929547 inches round it off to .93. Looking on the chart above it is seen that when the spring pneumatic is open to approximately .93 inches it has a force of approximately .94 pounds. 

Converting this value to special force units the 
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 equation is used to solve for the cloth factor corrected value of step 6 in inches of water.

First .94 lb x 16 oz = 15.04 ounces. Now divide this value by .578 the number of ounces in each special force unit.  
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 This is the force of the spring pneumatic (Fspr)) at step 6.  Place this value into our P6T equation and solve.
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27.2 inches of water is our 
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 value corrected for the cloth factor effect.

This is closer to the value of 26 inches of water that Mr. Saul measured on his Ampico A at step 6 with the amplifier turned on.  I felt that the value of 
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 could be improved upon if I used the spread sheet to calculate the values used in the calculations of  Fspr. Doing so I came up with a value for 
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 of 27.01 inches still not the results I was hoping for.  Studying over the problem I realized that the spread sheet had been set up based on the maximum opening of the spring pneumatic I used when I rebuilt my Ampico.  Therefore I redid the spread sheet using the value of 7/8 of an inch (note: this is the value I find now recommended) for the maximum opening and recalculated the value of 
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 corrected for cloth factor and got the results of
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.  This supports the validity of cloth factor influencing the value of
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.  Other 
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values are also affected by cloth factor but not near as much because the opening of the spring pneumatic has not changes from 
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opening as much as it has form the 
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 position therefore having a lesser effect on the values of those
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.

Calculating a leaver factor for above calculations.

 SHAPE 



Dynamic Mechanism 

(All dimensions shown are in inches)

The opening end (a) of the spring pneumatic will change less than the travel of the regulator valve because it is closer to the fulcrum of the leaver formed by the movable board of the spring pneumatic and its extension than where the regulator valve rod (b) attaches to our fulcrum.  Based on the dimensions shown above, a leaver factor can be calculated that will show how far the spring pneumatic opening changes with respect to the regulator valve travel. This is accomplished by dividing the distance from the fulcrum to the open end of the spring pneumatic (d) by the distance from the fulcrum to the point (c) on the leaver which in this case is our known travel distance. Point (c) is the point where the Regulator valve rod attaches. 
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Rounding produces a leaver factor of approximately .909. Multiplying this factor by the valve travel will give the distance the open end of the spring pneumatic also travels. 

Another leaver factor which will be used later is also calculated from the dimensions shown here.  In the next section the force applied at point (c) when the force applied at point (e) is known  will be required.  To find this value multiply the force at (e) by the following factor.


[image: image119.wmf]inches

 

82

.

4

 

(c)

 

connects

 

rod

 

valve

regulator 

 

 the

 where

 to

hinge

 

pneumatic

 

spring

 

from

 

Distance

inches

 

19

.

2

  

(e)

 

pneumatic

 

spring

 

on the

 

board

 

movible

 

 the

of

 

middle

 

 the

 to

hinge

 

pneumatic

 

spring

 

from

 

Distance



[image: image120.wmf] 

454356

.

 

inches

 

4.82

inches

 

2.19

=


Rounding yields a leaver factor of approximately .454

IV Ampico A crescendo 

The crescendo mechanism causes a gradual increase in volume and then a gradual decrease in volume.  It has two speeds at which it can increase or decrease the volume.

I have read several articles that stated that at some point in time during the production of the Ampico A the crescendo speeds was changed from 11 seconds slow and 2 seconds fast to 9 seconds slow and fast had also changed to something around 1 second.  So I started doing research to find out exactly when the change took place and exactly what the new values were also why the change took place. I felt like for the information to be valid it had to be traced back to documentation from the American Piano Company.  I was unable to find any documentation about crescendo speed that gave any speeds other than the 11 second slow and 2 second fast as stated in both the 1919 and 1923 Ampico manuals.  Since I do not have access to all of the known documentation about the Ampico A I decided to do some research with what I had available to me.  I owned a 1921 Ampico and had access to a 1929 Ampico.  I rebuilt the 1929 Ampico some years earlier and it was all original and had never had any major service since it was purchased in 1929 according to the current owner who was the son of the original owner and remembered when the piano was purchased. It is known from the Ampico service manuals that the 1921 Ampico would have 11 second and 2 second crescendo speeds therefore if there had been any change in crescendo speeds it should be reflected in the 1929 Ampico since this was the last year of production of the Ampico A.  After determining what components determined the speeds of the crescendo all I had to do was compare these components from the 1921 and 1929 model and at least I would be able to tell whether there had been a change in crescendo speeds.  It turned out that the size of the components in the crescendo mechanism and the size of the crescendo bleeders and the spring rate of the crescendo spring are the factors that influence the rate of the crescendo speeds.  I sent the crescendo springs from the 1921 and the 1929 Ampico to a major spring company for evaluated.  They found them to be almost identical in size and in spring rates.  The other components of the crescendo were measured and I found no difference between the 1929 and 1921 parts.  This makes me believe that at least these two Ampico A's had the same crescendo speeds.  I also believe that if the speed of the crescendo had changed it would make a roll to piano compatibility problem if the new crescendos were to accomplish the exact same volume change but in different time durations.  Note:  I found that although the Ampico A and the Ampico B had very different crescendo times they influenced the volume of playing relative to there volume step very close to the same for the same time duration.  This is true on the Ampico B on the normal intensity scale which is the one that the Ampico B uses when it is playing A coded rolls.  

Based on the above information I believe that the crescendo times of the Ampico A were never changed.  The following technical information also supports this conclusion. (Note: I have limited access to Ampico A pianos and documentation therefore it is possible that there was a change in the crescendo speed that I am not aware of but I doubt it.)
(The following explanation, like the one for the dynamic steps does not take into account all of the variables that affect the system but it stays within my original goal of no error greater than ½ dB difference calculated from measured pressures and calculated pressures.  It is some what of an idolized model but will show how the system works with a fair amount of accuracy.)

When there is no crescendo of decrescendo effect taking place the crescendo mechanism acts as a pressure regulator for the pressure in the spring pneumatic.  See “the Ampico Inspectors Instruction book 1919 with 1920 supplement or the 1923 reference book, the section: Crescendo and spring pneumatics, for an explanation of how this works.  

The following is based on the Ampico operating in the normal mode. (Modifying switch in normal (amplifier off) setting.)  Once a crescendo effect is triggered by the music roll the crescendo mechanism starts raising the pressure in the crescendo pneumatic, and therefore the spring pneumatic.  There are two different rates of change that can be triggered.  The slow which takes 11 seconds for the crescendo pneumatic to completely collapse from minimum volume position to being completely collapsed, and the fast which takes only 2 seconds to achieve the same effect.  These speeds are based on assuming that the mechanism is left on long enough for the crescendo pneumatic to completely collapse. Note: In both the 1919 and the 1923 Ampico manuals give the above times and they both state that this is the time required for the crescendo bellows to fully close (Not the time for the piano to reach full volume. Note: On page 13 of the 1919 manual it states in the section on How Crescendo Effects Are Obtained. “As the bellows closes it stretches the spring, thereby causing it to pull harder.  This spring is designed so that its pull when the crescendo pneumatic is almost completely closed is just sufficient to produce tension enough on the air within the crescendo bellows and spring pneumatic to pull up on the main regulator valve enough to raise the loudness of the playing to the level of the No. 7 intensity which is the loudest.”).  These crescendo times are the time it takes the crescendo pneumatic to collapse with the amplifier not active (normal mode) because in the 1919 manual the first step in testing the crescendo it states on page 59 “Remove the Amplifier tube and plug end of same” Removing and plugging this tube deactivates the amplifier on the 1919 version of the Ampico A.

Calculating the Acoustical dynamic curve of the crescendo effects.

Starting with the equation for 
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 developed in section III.  This equation can be used to solve for all value of 
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 at any new value of 
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 (force applied by the spring pneumatic to the regulator valve in special force units, s.f.u.) and since a changing spring pneumatic force is what creates the crescendo effect, I now have a formula that will solve for the value of 
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 at any moment in time if I can insert into this equation the value of 
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 in special force units at that moment in time.
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Substitute into the equation the known value of PS supply pressure (pump pressure) PS = 20”
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Simplify the equation and leave all of the terms in the denominator and an equation for 
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is revealed.
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Again this will allow one to determine what the value of 
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 is at any new spring pneumatic force since 
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 is set at 27.7 during setup and is only changes during a crescendo or decrescendo effect. Any new value of 
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 will be a crescendo change and since this formula calculates the value for 
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 it will calculate the new 
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 value as force, 
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, applied by spring pneumatic to regulator valve changes.  In other words if the Ampico A mechanism is set to step one and the crescendo mechanism starts to change the pressure in the spring pneumatic this equation will calculate the new playing pressure caused by the new pressure in the spring pneumatic. 

First a quick check (set 
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 to 27.7 our known value of 
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 when 
[image: image140.wmf]nT

P

 = 5.5”)


[image: image141.wmf]23

.

7

7

.

27

12

1

+

+

=

T

P

          
[image: image142.wmf]5

.

5

 

nth 

nearist te

 

 the

 to

off

 

Rounded

  

491

.

5

1

=

=

T

P


So if the force in special force units applied by the spring pneumatic to the regulator valve at any moment in time during a crescendo or decrescendo effect can be calculated, that value can be inserted into this equation which is subsequently solved for the pressure in the player stack at that moment in time. 

When the crescendo mechanism is in the process of producing a crescendo effect the pneumatic circuit is exactly as shown below (The spring pneumatic is not shown to keep the drawing as simple as possible just remember it is connected directly to the crescendo pneumatic therefore they are both at the same pressure at all times.)  All of the valves used to place it into this status are not shown for clarity.  The only difference between the fast and slow crescendo is the size of the bleeder.


[image: image143]
A close look reveals that when a crescendo effect is taking place the mechanism is acting like a spring and dashpot arrangement.

 SHAPE 



Mechanical devices can be evaluated by using electronic equivalents because mechanical components act analogous to certain electronic components.

 SHAPE 



This is the analogous circuit of the spring and dashpot arrangement shown above. 

In the analogous circuit the resistor is the dashpot.  This is true because when there is a force applied to the dashpot there is a constant impedance (opposition to the force applied) meaning that the velocity produced is always linearly proportional to the force applied. (see diagram below)

 SHAPE 



Force = Resistance  X  Velocity

The capacitor represents the spring.  Force on the dashpot/bellows is caused by the pressure differential between the inside and outside of the dashpot/bellows. As the pressure in the bellows changes, or in other words as the force on the bellows changes, the spring tension changes.  As the tension, or force, on the spring changes the length of the spring changes. Hooke’s law states when tension force is applied the resulting elongation times a constant K is equal to the applied force.  This constant K is called the spring rate. (sometimes R is used instead of K for this value.)  The spring rate, how much the spring stretches in inches per load in pounds applied to the spring, of a simple extension spring is fixed in the manufacturing process.  If the entire length of the spring is not used the remaining portion has a different spring rate than the entire spring.  In other words the spring rate changes according to the number of coils of the spring that are used.

Hooke’s Law

K = F/s

Or

F = Ks 

F = Force in pounds

K = Constant (spring rate)

S = Distance (amount the spring is elongated in inches)

The value of K is dependent on the nature, dimensions, and materials of the spring but remains constant through the life of the spring.

During a crescendo affect energy is being placed in the spring and during decrescendo the energy in the spring is being released back into the bellows, so at any moment in time the force in the spring is equal to the force on the bellows.  Therefore the spring force is equal to the force on the bellows due to the pressure in the bellows.  So in the analogous circuit the capacitor is analogous to the spring.  The reciprocal of the springs constant K is analogous to capacitance, C = 1/K.  The voltage in the circuit is analogous to the pressure in the crescendo circuit. 

With the following equitation   the charging or discharging of a capacitor through a current limiting resistor can be calculated.  In other words using the following equation the voltage across the capacitor in the analogous circuit shown above can be calculated.  
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 EMBED Microsoft Equation 3.0 [image: image148.wmf]
V = Voltage across the capacitor at time t

F = Final asymptotic value (maximum theoretical voltage that can be achieved across the capacitor)

c = Total change to asymptotic value = ( F – I ) this number will be positive if charging and negative if discharging.

I = Initial voltage across the capacitor

e = The base of the natural logarithm which is 2.718……….

t = time in seconds 
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=RC seconds (known as the RC time constant) 

R = resistance through which the capacitor charges in ohms

C = capacitance of the capacitor in farads

If all of the elements to the right of the equation can be found, it can be solved for volts, V at any point in time, t.  Since V represents the voltage across the capacitor and the capacitor represents the crescendo spring the pressure in the crescendo bellows at any point in time during a crescendo effect can be determined since as stated above pressure is analogous to voltage. 

To use this equation to solve the analogues pneumatic circuit all of the pneumatic circuit terms must be converted to their equivalent terms.  Such as the spring rate is usually given in lb/in therefore the force would have to be converted to lb and the pressure to lb/in2 and so forth.  Therefore to keep it as simple as possible I kept the known values in the terms used previously and allowed the other terms to remain in some here to fore unknown units. This is similar to Mr. Saul’s special force units, s.f.u., used to define the force in the spring pneumatic. 

The following terms are ones known or that can be easily measure.

F, Final asymptotic value (For crescendo this would be pump pressure in inches of water at time of test. For decrescendo this would be atmospheric pressure.)(All of the pressure readings are differential pressures with atmosphere as the zero reference. Therefore during a decrescendo the asymptotic value would be zero.)

I, Initial voltage across capacitor (pressure in spring and crescendo pneumatics in inches of water at the start of a crescendo or decrescendo effects.)

t, Time in seconds (This is the time corresponding to the instantaneous value of pressure in spring pneumatic in inches of water from the start of the crescendo or decrescendo.)

e, The base of the natural logarithm which is 2.718………

c, Total change to asymptotic value = ( F – I ) this number will be positive if charging and negative if 
discharging.

Looking again at the equation 
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 the only unknown term in the equation is the value of is 
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 which equals R x C.   The knowns are all in like terms so the only term that is used is in the here to fore unknown units of
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.  Actually 
[image: image153.wmf]t

 is in like terms it is in seconds - it is the two terms R and C that we do not know. (The value of the spring rate of the crescendo spring and the resistive value of the crescendo pneumatic and bleeder impeding the collapse of the pneumatic are our only unknowns)

My approach to the problem of calculating the acoustical dynamic curve of the crescendo effects is to use curve matching. The graphical comparison of one data set, curve, to another data set, curve. If a certain data set closely corresponds to a reference data set then an interpretation of similarity can be made. First measure the pressure in the player stack during a crescendo effect at different points in time during the crescendo effect.  I was able to measure the pressure in the player stack of an Ampico A at one second intervals after a slow crescendo has started and continuing to do so until the crescendo pneumatic has completely collapsed.  Then plot this measured data. Then create a cure using calculated set of data, from the above known values and choosing a value for
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 that will as close as possible match that measured data curve. If a value can be found for 
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 that creates a curve that very closely matches the measured curve then the approximant value for 
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 for that particular crescendo mechanism has been found.. By being able to very closely match the measured curve also helps to validate this approach for solving for crescendo dynamics.

Using my 1921 Ampico and new crescendo springs that were based on the evaluation of the old crescendo springs mentioned above I made the following measurements. (Note: The pressures in the player stack measured at one second intervals were made many times and these readings were averaged together to give the values stated below. Pump pressure was set to 20 inches of water. Pump pressure during test fell to some value less than 20 inches of water. I used the pump pressure measured during the test for F our Final asymptotic value in my calculations. Pressure in spring pneumatic was originally set to 3.5 inches of water and measured again after each set of readings were made. I found the pressure in the spring pneumatic to be slightly different at the end of each crescendo reading so I took an average of these measured pressures to use as my I, the Initial voltage across the capacitor, the average was 3.38”. The time for crescendo to completely collapse also varied slightly from test to test. 

This is a listing of the pressure readings obtained on my Ampico under the conditions stated above. This is our reference data set.

             Time in seconds                  pressure in player stack in inches of water

0 5.25

1 7.3
 

2 8.9


3 10.25

4 11.6

5 12.95

6 14.3

7 15.4

8 16.2

9 16.95

10 17.25

11 17.25

F = (Average pump pressure) 19.5"

I = (Pressure in spring pneumatic at t=0) 3.38”

(Note: The pressure in the player stack never reached pump pressure.)


Now that reference data set has been established, the same data set as close to these values as possible must be calculated.  In other words the measured data is matched as closely as possible with calculated data. 


To calculate the pressure in the player stack in inches of water at the same time intervals during a slow crescendo that has been measured requires three different equations.  1. The capacitor equation discussed above to calculate pressures in the crescendo/spring pneumatics. 2. An equation to calculate the force these pressures in the spring pneumatic exert on the regulator valve in Mr. Saul’s special force units, Fspr. 3. Mr. Saul’s equation for P1T this equation allows us to use the, Fspr from equation two above to calculate the pressures in the player stack.

Equations 1 and 3 already exist but equation 2 must be developed. To develop this equation I started by looking at the spring pneumatic force curve shown in section III This curve shows the pressure applies to the regulator valve at different amounts of opening of the spring pneumatic when the pressure in the pneumatic is 3.7 inches of water. Earlier in section III it is shown that when the Ampico A is setup to the values listed in that section the spring pneumatic exerted a force on the regulator valve at step 1 of 27.7 s.f.u. which was shown to be equal to 1 pound.  Since step 1 is the widest the spring pneumatic opens during the operation of the Ampico this is the maximum force exerted on the regulator valve by the spring pneumatic for a given pressure in the pneumatic. Since this is the maximum force that can be exerted it is easy to thank of this as 100% of the force applied by the spring pneumatic on the regulator valve by a given pressure in the pneumatic and that at any other opening of the spring pneumatic would be of some lesser value.  Since this maximum force location, the 100% power to regulator valve, on the curve has a value of one pound and all other forces on the curve are stated in pounds it is easy to see how one can thank of these other values as percents. Continuing with the percentages concept I develop a way to compute the s.f.u. force on the regulator valve from a given pressure in the spring pneumatic at P1T our 100% power setting.  The first spring pneumatic force curve that was shown in section III covers the range of opening down to the critical point which is the point where the cloth is not contributing to the closure of the pneumatic.  In other words only the pressure on the area of the movable board is contributes to the force of the spring pneumatic at that point.  One can calculate a force in s.f.u. that, if applied to the center of the pneumatic, would be equivalent to that applied by the pressure in the pneumatic when the pneumatic is opened to the critical point by multiplying the area of the movable board times the pressure in the pneumatic in inches of water. In his article Mr. Saul gives the area of the movable board of the spring pneumatic to be approximately 10 in2.  The example above uses 3.7 inches of water for the pressure in the spring pneumatic.  Therefore 3.7 times 10 = 37 s.f.u. is equivalent to a force applied at the center of the pneumatic. To find out how much force is applied to the regulator valve, this value is multiplied by a leaver factor.  (This leaver factor value was calculated at the end of section III to be .454) so 37 times .454 will provide the force applied by the spring pneumatic to the regulator valve if the  spring pneumatic were allowed to collapse to the critical point.  At this point in the calculation the force on the regulator valve at the 100% power point is still unknown so it will be called  X.   Looking at the power cure one can find that at the critical point the percent of power with respect to full power is only 60%. In other words, 60% of the power applied to the regulator valve in s.f.u. when the pressure in the pneumatic is 3.7 inches of water has been calculated. With this information the following formula is derived: 

 60% of X = 3.7(10)(.454) solving for X,  we get .6X = 3.7(10).454),   
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In this equation X represents the s.f.u. force on the regulator valve.

This is less than a 2% difference from the original finding of 27.7 s.f.u. .

  This shows that the spring pneumatic force curve shown in section III does represent a percentage of power applied by the spring pneumatic.

 Let the pressure in the spring pneumatic become an unknown variable and the equation becomes the equation 2.
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This equation provides the force on the regulator valve in s.f.u., Fspr .if the pressure in the spring pneumatic in inches of water is known, but it does not correct for the cloth factor. The capacitor charge and discharge equation is used to calculate the pressure in the spring pneumatic at any time during a crescendo or decrescendo.  Therefore using these two equations allows one to solve for Fspr, the force on the regulator valve in s.f.u., at any time.  The accuracy should be similar to the accuracy achieved in calculating the step values since they were also calculated with values that did not take into account the cloth factor.  

By placing these two equations into a spread sheet along with Mr. Saul’s equation for P1T it became a fairly simple matter to calculate different sets of data using different values of
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. Once it became easy to calculate the data points I decided to calculate points at one half second intervals to give a better representation of the Crescendo curve.



The above graph is from a spread sheet which did all of the calculations but I will show the calculations below for the first three points calculated to show the mathematics of the curve.  Using the spread sheet I made many calculations until I found which value of 
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 gave the best curve matching between the measured data and the calculated data. I found a value of 
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 to give the best curve match.   (Note: These readings were made on the treble crescendo unit therefore this 
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 value will be only for the treble crescendo unit but since all crescendo units are essentially the same in design and dimension this value will be extremely close to those of all crescendo units)

 During the pressure measurements discussed above the pump pressure did not remain at 20” therefore for this calculation I used an average pump pressure measured for this value which was Ps =19.5”.  Simplifying Mr. Saul’s equation for P1T this time leaving both the variable for the spring pneumatic force applied to regulator valve Fspr and the variable for Ps in the equation and then reducing the equation to its simplest form yields the following equation. 
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  As discussed above the other equations needed are 
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  the equation for calculating the charge or discharge of a capacitor through a current limiting resistor and the equation just developed for calculating spring pneumatic force applied to regulator valve, Fspr, when the pressure in the spring pneumatic is known in inches of water.

Restating this equation:  
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Simplified yields 
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First the pressure in the spring/crescendo pneumatic at the specified times must solved. Remember in the analogous situation discussed above, this equation   
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  will yield the pressure in the spring/crescendo pneumatic at specified times in inches of water. For the analogous situation F = Pressure in pump at time t, c = F- I, I = initial or starting pressure in the spring pneumatic and from above
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.  Since F and I remain the same for all situations one solves for c and substitutes its value in all calculations. Above I stated that I = Pressure in spring pneumatic at t=0 and it was 3.38” and F =Average pump pressure 19.5"

. 

 c = F – I   c = 19.5” – 3.38”   c = 16.12”

	At time t=0
	
	At time t=1
	
	At time t=2 
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	Next convert the Pressure in the spring pneumatic in inches to Fspr in special force units applied to regulator valve stem.
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	Next solve for P1T  [image: image209.wmf]23
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 this will be the pressure in the player stack at time t.   
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The three P1T just calculated represent the values in the player stack with the dynamic steps at step 1; the first one t=0 is with no crescendo, the next two represent step 1 with one and two seconds respectively of slow crescendo occurring.  Next calculate the dB values for these new values.  Again using step 1 with out any crescendo effect as the dB reference therefore it was set to 0dB.  Remember the playing volume is calculated from the pressure used to generate a sound so the pressure required to overcome the piano action must be subtracted from the above pressured before calculating the dB values. Again the value to overcome the average piano was shown to be 4 inches of water.
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The following is a plot of all the dB values calculated from the pressures shown in the crescendo pressure curve graph above. Our zero dB reference is the calculated step 1 pressure with out any crescendo taking place. This chart shows both the dB based on measured pressure values and calculated values. 
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You can see from the pressure curve that the calculated data curve closely corresponds to the measured data curve establishing the validly of the calculated data.  A close look at the dB curves set shows that the accuracy is within the established criteria of the dB calculated based on measurements pressures should never differ from the dB’s based on measured pressures by more than .5dB.  Note the greatest dB error occurred at t=3 seconds and that was a difference of 0.5dB.
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The above measured crescendo data was taken from the treble half of the player stack so the following decrescendo curves will be from the bass half of the player stack but using the same
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.  This confirms that the same value of 
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 works on both sets of dynamic mechanisms. No calculations will be shown since the procedure and equations are the same as for calculating crescendo data.  A few points to keep in mind when doing the decrescendo calculations: (1) the final asymptotic value, F, (maximum theoretical voltage that can be achieved across the capacitor) will be 0 inches of water since the crescendo is connected to the atmosphere through the bleeder during decrescendo, (2) Initial voltage across the capacitor, I, will be the pressure in the crescendo/spring pneumatic at the start of the decrescendo.  In other words the pressure in the spring pneumatic at the instant the crescendo stops and the decrescendo starts will be the appropriate I, for the calculation.


Note the greatest difference between the two sets of dB data occurred at t=0 and the error was 0.27dB.  

Now that the validity of the crescendo calculation has been established I would like to give another reason I think that the 11 second slow and 2 second fast crescendo times was never changed during the production of the Ampico A.  This has to do with the capability of the Ampico B to play the Ampico A coded rolls. 

Next is a graph of the slow crescendo curves for the Ampico A based on the above mathematical approach.  This curve was calculated using the values established in Mr. Saul’s article as the ones he found to give the best performance.  These curves do not take into account any amplification (Ampico A in normal mode) this is because when the Ampico B is playing an A coded roll no amplification is possible.  The set up pressures are as following Pump pressure 20 inches of water, step one set to 5.5 inches of water, and the pressure in the crescendo and spring pneumatic set to 3.7 inches of water.  For those who have not read Mr. Saul’s article about the performance characterization of the Ampico A expression regulator he suggests that to get the best performance you should set the pressure in the spring pneumatic to about 3.7 inches and then adjust the opening of the spring pneumatic to achieve the desired step one pressure. 


     Note the 4 second duration of the slow crescendo is marked this is the approximant duration of the slow crescendo of the Ampico B. An Ampico A setup in this manner will have achieved an increase in volume of about 7.5 dB above step 1 after 4 seconds as indicated on the above graph.  This is a little past half way between the volume levels of steps 4 and 5. 

To achieve realistic reproduction of a pianist playing, the relative volume between each note must be maintained more so than the absolute volume of the same notes.  This can be pointed out by considering two listeners at a piano concert: one in the front and one in the back of the auditorium.  The one in the front would here every note louder than the one in the back but they both would here the same relative volume between each note.  With this in mind consider the
 relative volume achievable by both the Ampico A and B during a crescendo playing an A coded roll. The relative volume can at least be evaluated at a crescendo duration of 4 seconds starting at step 1. The following chart taken from the 1929 Ampico B manual shows the playing pressures of the system.  This manual states that the slow crescendo takes about 4 seconds. The amplification mechanism makes use of the crescendo pneumatic and if the crescendo mechanism is latched at its maximum position the Ampico B is now set at 2nd Amplification.  Since second amplification pressure is the same as full crescendo pressure by projection the given value of step 1 at 2nd amplification over to the normal curve, it can be seen what equivalent step pressure the system would have if the system was playing an Ampico A coded roll at step 1 after a  4 second of slow crescendo.  This would be true because when the Ampico B is playing an A coded roll it uses the normal intensity curve. On the chart to the left this has been highlighted and it shows that a step 1 after 4 seconds of crescendo would have a volume level just greater that half way between step 4 and 5.  This is the same relative volume as the Ampico A achieved under the same playing conditions. In other works the Ampico A and the Ampico B achieve the same relative playing volume after a 4 second slow crescendo with the intensity step mechanism set at step 1.

It can be inferred from this if the two systems were designed to play Ampico A coded rolls equally well with respect to relative volume levels that the crescendo curve achieved above using Mr. Saul’s setup requirements is correct at least after 4 seconds with the intensity step mechanism set at step 1.

There is probably a whole lot more that can be gleaned from research into this area but I feel that to some level I have shown the validly to the method of calculating crescendo curves shown here.  

The following is an Ampico A slow crescendo curve with the Ampico in the brilliant mode calculated using the procedure shown above.  It was calculate using the following data, pump set at 20”, amplified pump pressure 30”, step 1 set at 5.5” and the pressure in the spring pneumatic when no amplification is taking place 3.7”.  The transition between amplifier off and active is hard to calculate because the value of the pump pressure changes gradually once the pressure in the player stack reaches about 15”.  In this chart I made the curve during that transition period match as closely as possible to measured crescendo data taken with the amplifier turned on.


0
0.18
0.36
0.55
0.75
0.91
Note during of a slow crescendo the transition from amplifier off to fully on is a gradual one taking about two seconds. 

All of the charts shown in this section for slow crescendo or decrescendo can also be used to show fast crescendo or decrescendo data. Just substitute the times from the Fast column for those in the slow column from the chart below and read the rest of the chart the same as before.  The times in the fast column are in seconds as are those in the slow column. 

Example form the chart above the 4 sec. location on the chart would become .73 sec. and the resulting volume would increase about 7.5 dB from step 1 during a fast crescendo of duration .73 seconds. Note on the chart above fast crescendo values are shown up to almost 0.91 seconds.
V  Soft pedal 

According to the 1919 Ampico Inspectors instruction book on page 50 it states the soft pedal should be adjusted so the hammers should move about half way up on grands.

The 1929 Ampico service manual it states that the soft pedal raises the hammers to about 7/8 inch from strings, reducing the loudness of playing by two intensity steps. By knowing that the pedal should be adjusted so that hammer travel should be set to about ½ of its normal travel’ the relative change in velocity this will cause can be calculated.  Then from that the relative dB change in volume from pedal off to pedal on can be found.

Start by calculating the velocity of the hammer with pedal off and with pedal on at the same intensity step. 
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       (Velocity equation)


V = Velocity


a = Acceleration 


s = Distance

Use this equation to calculate the desired velocities. Since pressure being used (intensity step) for both pedal on and pedal off striking, is the same, the acceleration rate will remain the same for both pedal on and off velocities calculations. For the calculations’ any value can be chosen for the acceleration as long as the same value is chosen for both pedal on and pedal off calculations. This is true because relative values and not absolute values are being calculated.   I chose One (1) to simplify the calculations. Since it is known that the distance is cut approximately in half and the desired result is changes in velocity between the two striking distances, value can be used for our pedal off position as long as the pedal on distance is approximately ½ of the distance initially chosen. Again I chose one (1) for the pedal off position (distance) to simplify the calculations and that means that the pedal on value must be set to some value near ½ the distance I chose exactly ½.  

Now solve the relative velocities for Pedal on and pedal off position.


Let V1 = pedal off velocity 


Let V2 = pedal on velocity

Put these values from above in the velocity equation and solve for V1 and V2.
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Next calculate the relative change in dB use the following dB formula. 

      dB = 20 log (V2/V1)  (see appendix i for details regarding this equation)


dB = decibels  


V1 = pedal off Velocity = 1.414

V2 = pedal on Velocity = 1
 Putting in values for V just calculated we have


dB = 20 log (V2/V1)


dB = 20 log (1.0 /1.414…)


dB = 20 log (.707…)


dB = 20 X -.150515


dB = –3.0103   rounded  –3   (3 dB softer)

(note in dB as used in this paper the sign denotes whether it is a increase in volume ,+ dB, or decrease in Volume, – dB.)

Dr. Hickman's article Dynamic range of the player piano: He shows the dB changes of the New Ampico (Ampico B) to be 1.5 dB per step. The 1929 manual states that the soft pedal lowers the playing two dynamic steps. That would be 1.5dB per step making the soft pedal lower the playing volume 3dB (1.5dB + 1.5dB) the same as the amount just calculated. This means that on the Ampico B the soft pedal should be adjusted so it moves the hammers to exactly ½ the normal distance. (theoretically) 

Now what about the Ampico A? It makes since to have the soft pedal to lower the volume two dynamic steps because this keeps all the dynamic steps equal. Since the Ampico B is set this way and the 1919 manual states that the hammer should rise about 1/2 the distance from the strings, I conclude that the Ampico A should also cause a two dynamic step change. With the Ampico A having a 2dB change per step would mean its soft pedal should be adjusted to cause a 4dB change (2dB + 2dB).  There is also the Ampico test roll issued by Larry Givens in 1970 that supports this theory.  In his book the instructions for using the roll are given and it states that test number 27 is a listening test for setting the hammer travel. The instructions are "the chord struck at the third intensity with the pedal on should sound with the same loudness as the chord struck at the first intensity with the pedal off. Since the 3rd intensity is 2 dynamic steps above intensity step one (1) and the dynamic steps of the Ampico A are 2dB we can conclude that the soft pedal of the Ampico A is 4dB (2dB +2dB).

Now calculate what the actual travel distance for the hammer must be to cause a – 4dB change in volume.  First solve for the relative velocity required to produce a – 4dB change in volume.

To do this the dB equation used earlier must be solved for V2, pedal on velocity, this is the new velocity.


dB = 20 log (V2/V1)


divide both sides by 20


dB/20 = log (V2/V1)


take the antilog of both sides


10dB/20 = V2/V1


multiply both sides by v1  


(V1)10dB/20 = V2


rearrange the equation


V2 = (V1)10dB/20



Known


                               V1 = 1.414 from earlier calculation


                               dB = – 4 the dB change of the Ampico A


Solving for



V2


V2 = (V1)10dB/20


V2 = 1.414x10-4/20 

 
V2 = 1.414x10-.02


V2 = 1.414x (0.6309573)


V2 = 0.8923084

Now solve the Velocity equation for distance (s) and then solve for our relative distance using V2 from above.



[image: image260.wmf]as

V

2

2

=



restated


V2 = (2as)1/2


Square both sides 


(V2)2 = (2as)2/2


(V2)2 = 2as


divide both sides by 2a and then rearrange the equation  
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Solve for relative distance using this equation.



Known



V2 = 0.8923084 just solved for



a = 1 our relative acceleration from



         above




Solve for s (distance)



[image: image262.wmf](

)

a

V

s

2

2

2

=





[image: image263.wmf](

)

1

2

8932084

.

0

2

x

s

=



 EMBED Microsoft Equation 3.0 [image: image264.wmf]



[image: image265.wmf]


[image: image266.wmf]2

7962142

.

0

=

s




[image: image267.wmf]3981071

.

0

=

s

 the new soft pedal hammer distance to the

                                                                         strings relative to a hammer distance with

                                                                          pedal 0n.

According to the 1919 Ampico Manual the soft pedal should be adjusted so the hammers should move about half way up on grands.  According to the PTG Piano Actions Handbook most of the American Piano Co.’s pianos listed use a 1 ¾ “(1.75”) hammer to string distance.  This also includes Steinways and Mason and Hamlins. Based on this I chose 1.75” to calculate the actual distance to the strings the pedal on must be to achieve a – 4dB change.  For a –3dB change the distance must be ½ the hammer travel distance or  0.5 x 1.75 = .875” now for a – 4dB change 0.398 x 1.75” = .696” subtract the two and the result is .176” difference in travel distance.

The actual distance is less than two tenths of an inch off, from true ½ of the hammer travel distance or about half the distance.  The 1919 Ampico manual states on page 61 the hammer should move up at least half way on the grands.  Therefore I conclude that the ideal dynamic change for the soft pedal on a Ampico A is 4dB. This is achieved by setting the hammer travel a small amount greater than halfway. These statements do not account for the frictional changes in the action so therefore the distance will be somewhat less than those calculated. The best way is to set the travel is to adjust the pedal so a chord struck at the third intensity with the pedal on should sound with the same loudness as the chord struck at the first intensity with the pedal off. 
VI Other components 

The remaining components do not contribute to the acoustical dynamics of the system or only have a minor affect on the dynamics. Those that do affect the dynamics are discussed briefly below.

A  Equalizers 

These are the medium size bellows with a long spring attached to the movable side.  They are connected to the main wind line that runs between the regulator valve and the player stack.  The following is a quote form page 14 of the 1919 Ampico A service manual “This pneumatic is a regulated tension reservoir and is for the purpose of taking some of the work of regulating off the regulating valve when various numbers of notes are being played at low intensities.  It keeps the regulator from “jumping.””

     I have observed that when the crescendo mechanism is acting as a pressure regulator for the pressure in the spring pneumatic it will go into oscillations sometimes when the equalizer is removed from the circuit.  When in osculation the regulator valve jumps up and down therefore I believe the term “jumping” is referring to this oscillating. 

B  Sustaining pedal mechanism

This mechanism lifts the dampers when call upon to do so by the roll. (Loud pedal)  Since the dampers are normally lifted by the striker pneumatics when a note is being played the weight of the dampers are part of the force that must be overcome by the playing pressure to produce a sound. In other words the weight of the dampers contributes to the total PA, pressure required to overcome friction of piano action. Since PA is a component of the equation for PnT it can be seen that when the dampers are lifted by the pedal mechanism it will have some affect on the playing volume. The later version of the Ampico A had a mechanism added to compensate for this volume change.

C  Soft pedal compensator 

This device was added to the later versions of the Ampico A it did not directly influence the volume of playing its purpose was to take out the lost motion in the key striking mechanism introduced when the soft pedal was activated.  This reducing the noise made by the key lift mechanism plays a note. The lost motion was removed by raising the key striking mechanism back into contact with the back of the keys in doing so it collapsed the striker pneumatics slightly.  This reduces the striking force of the pneumatic which in turn reduced the playing volume when the soft pedal is on.     
D  Pump spill valve and amplifier


These two components affect on the dynamics were covered earlier in section II.  There is one more point I would like to emphasize here. The size of the components and spring rate of the springs in this mechanism were apparently chosen so that when the system is in the brilliant mode and the dynamic mechanism calls for a dynamic step greater than step 5 the amplifier collapses very rapidly but when a crescendo calls for some value that passes through the values from step 5 to step 6 the amplifier collapses in accordance with the rate of change of the crescendo.  In other words when the system is in the brilliant mode these components do not prevent the steps from being rapid changes nor does it cause the crescendo to cause a step affect when passing through the upper volume range.

E  Re-regulator


The re-regulator is only active if the Ampico is in the subdued mode of operation.  Since the main thrust of this paper is to cover the maximum dynamics and how they are achieved this device will not be explained in detail here.  It function is to drop the overall dynamics without removing the expression coded in the roll.  To do so it compressing the upper range of the dynamics but leaver step 1 unaltered.  On page 27 of the 1919 Ampico manual it states “the re-regulator is designed to reduce the tension of the air by about one-half on the higher intensities”.   In section III of this paper it was shown that for the setup we have been using that the highest tension/pressure that could be reaches would be 20”.  This is true because the amplifier is turned off when the system is in the subdued mode of operation.  The setup quoted above from section III has step 1 set to 5.5 inches of water.  Therefore if the re-regulator is adjusted to reduce the maximum playing pressure by one half we would have the following. Minimum playing pressure would be 5.5” and the maximum playing pressures would be 10” (one half of 20).  Now with this data we can calculate the theoretical dynamic range of the Ampico A in the subdued mode of operation using our setup data from section III.  Using the dB equation from appendix ii and the equation for Pn, 
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Solving for P1: 
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Solving for P7:
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The total theoretical dynamic range of a single note for the Ampico A in the subdued mode based on the setup data from section III.  Now add 4 dB for the soft pedal and we have a total of 10 dB of dynamic range for a signal note for the Ampico A in the subdued mode.

VII   Putting it all together

In this section the Ampico A as a whole unit will be examined.  As stated earlier the Ampico consists of two identical expression units one for the bass and one for the treble section on the piano.  Both sections receive there partial vacuum from the same pump system therefore any load on the pump system that it can not maintain at the set pressure will effect both the treble and the bass playing.  Remember the pressure being referenced   is the difference in pressure between the atmospheric pressure and the pressure in that portion of the system being measured. 


With this in mind I will address how much pressure drop in the pump the Ampico A system can tolerate before a noticeable volume change would occur. The drop in pump pressure that would cause a decrease in volume of .5 dB would in theory provide the maximum drop in pressure the system can sustain without causing an undesirable volume shift.  This keeps the errors below the ability of the human ear to detect in average listing conditions. There are many factors not taken in consideration here but this has been the guideline for the evaluation of these mathematical results and so it will be used here to establish a pump pressure tolerance.  This at least provides a guideline to use. 


To do this,   several equations will be combined.

The equation for 
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The dB equation show in appendix ii : 
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The equation for 
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To find the reduction in pump pressure that would cause a drop in volume of .5dB, start with the dB equation. For clarity the following nomenclature is used.  Let 
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The pressure of each step that causes a sound is 
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so this is the pressures used in the dB equation. Start building our new equation by putting in our known dB value.  -.5dB the volume decrease that might be noticeable.
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Now replace 
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 with the equation developed in section III.  
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Solving the equation for 
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(pump pressure) provides an equation for the pump pressure for any step that will cause a .5 dB decrease in volume for that step.

Divide both sides by 10


[image: image300.wmf]1

.

10

6

.

0

4

81

.

8

44

.

7

4

81

.

8

88

.

4

4

81

.

8

25

.

2

)

(

6

.

0

log

10

5

.

n

A

spr

S

P

P

F

P

-

+

+

+

+

=

-

ï

ï

ï

ï

î

ï

ï

ï

ï

í

ì

ï

ï

ï

ï

þ

ï

ï

ï

ï

ý

ü

ú

ú

ú

û

ù

ê

ê

ê

ë

é

÷

ø

ö

ç

è

æ

÷

ø

ö

ç

è

æ

÷

ø

ö

ç

è

æ


Take the antilog of both sides
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Rearranged the numerator on the right side of the equation
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Multiply both sides by Pn.1
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Simplifying and rounding yields:
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Using the same setup values as previously used provides an equation that can be used to solve for the supply pressure,
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, that is  .5 dB down for all steps.    Note in section III it was shown that the equation for 
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 failed at the point that the pressure in the intensity pneumatics required to create a force equal to that supplied by the spring pneumatic was greater than the pumps actual supply pressure.  Therefore since the above equation is built up from several equations including the one for 
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 equation failed.  It was shown at the point that the equation fails that full pump pressure is being supplied to the player stack. In other words at the steps where the equation fails 
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. Therefore at those steps the .5 dB down point pump supply equation can be simplified to the following.  Consider the previously developed equation to the point that 
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If 
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Solving for 
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provides the new equation.
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To use this first equation you must remember that there are terms in the 
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 equation that must drop out to allow it to represent all of the different 
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 and these terms are in the newly formed equation as well so to use this equation the proper terms must drop out.  The following example solving for the supply pressure that would cause step three to drop in volume by ½ dB demonstrates this. Place the known values into the equation and let the appropriate terms drop out then solving for 
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In other words the pump pressure would have to drop from its set pressure of 20 inches of water to 16.1 inches of water before a single note playing at step 3 would drop in volume by ½ dB.

The following is a table showing all the .5dB down pump values for all of the steps used by the Ampico A.

	Amplifier off
	Amplifier on and activated

	Step
	Pump pressure that caused a drop in volume of ½ dB
	Step
	Pump pressure that caused a drop in volume of ½ dB

	1
	18.1
	3
	25.0

	2
	17.4
	4
	24,7

	3
	16.1
	5
	24.0

	4
	15.5
	6
	22.9

	5
	15.2
	7
	23.2

	6
	18.3
	

	7
	18.3
	


According to these calculations if the Ampico is operating in the normal mode and set up to the values used in section III the pump can sag in pressure down to 18.3 inches of water before any steps drop in volume by ½ dB.  The chart shows that in the brilliant mode  and the system set up as in section III the pump can drop from the set up value of 30” to as low as 25 inches of water before any step will drop in volume by ½ dB.  Note that when operating in the brilliant mode that if the pump pressure drops to 25” it would only cause one step to be .5dB down and that is amplified step 3 and if the pump pressure were to decrease even more that the next steps that would decrease in volume by .5dB would be amplified steps 4 and then 5. The pump would have to drop to 23.2 to reduce the loudest step by ½ dB. 


This shows that in the Brilliant mode the only mode that allows the Ampico to use all of the dynamics steps and coding the pump could drop several inches of water before there would be any noticeable degradation in the playing volume of any of the dynamic steps with the crescendo mechanism not activated.  The playing volume change during a crescendo or decrescendo could also be calculated.  The calculation will not be shown the above calculations were shown to show that the system can withstand some pump pressure loss before a volume change is noticed.


It should be noted at this point that even if the above pressure changes would not cause a volume change noticeable by the average listener there might be a change in the timbre (quality of sound) of the note that might be detected. This would also be true in the change from step 6 to step 7 although there may not be a noticeable dB change there would most likely be a noticeable change in timbre. The amount change in timbre would depend on many variables but one of note would be the type, condition, and voicing of the hammers in the piano.  

VIII Conclusion
The Ampico A is a pneumatic system installed in pianos for the purpose of playing that piano by way of piano rolls.  When using specially coded rolls the system is capable of playing the piano with a great degree of dynamic range.  The coding on the roll is based on the dynamics used by the pianist who recorded the rolls. It has been shown that the system accomplishes this by the use of dynamic steps and gradual dynamic changes. Both are accomplished by changing the partial pressure in the striker pneumatic at the time that pneumatic is striking a note.


The Ampico A manuals states that there are 7 dynamic steps.  This paper has shown by the use of the soft pedal and by turning on the amplifier during a silent passage in the bass or treble by coding a step 7 on the side with no notes being played while a note is being played in the other half of the player stack at step 3, 4, or 5 additional levels of dynamics can be achieved. These modified steps 3, 4, and 5 I thank of as half steps. The following is a list of all the different dynamic levels the system is capable of if set to the brilliant mode.  I have observed the above “half steps” in roll coding.  The dynamic values given here are those calculated in this paper. 


Note these values will only be achieved if the Ampico system and the piano it is installed in are in perfect condition and is setup using the values given in this Section III.

It can be seen from the chart above that the basic steps of the system including the soft pedal modified steps were about 2 dB one

 over the other. This is true with the exception of step 6 and 7 and step 6 is about 3 dB greater than step 5.  Step 7 however is almost a non step in this chart.

The Ampico A used in concert halls to demonstrate the Ampico had an additional mechanism that caused step seven to be grater that step 6 in dB. Even if step 7 increase in dB is less that can be detected by the average ear this step may be recognized as a change over step 6 due to the change in timbre it produces. 

In appendix ii there is a chart showing the increase in dB multiple sources of the same volume have over a single source on that volume.  By using this chart it can be shown that if a roll plays a single note at step 1 with the soft pedal on and later plays 10 notes simultaneously at step 7 with the amplifier on that the total dynamic range of that roll would be 26.4 db.  The chart in appendix ii shows that if 10 sound sources of equal volume are sounded together that the resulting volume would be 10 dB greater than a single sound source at that volume.  Therefore if 10 notes at a 16.4 dB above minimum volume are sounded together we would have a total of 10 + 16.4 or a total of 26.4 dB.  

X  Appendix


i Cloth factor

Cloth Factor 

In the 1929 Ampico Service manual it states “A wide open pneumatic is stronger than one nearly closed.” (This is found on page 33 of the manual.)

This is due to the change in the relationship of the cloth to the boards.  For this paper I have given this characteristic of a book pneumatic the name “Cloth Factor”.  In 1924 Dr Hickman preformed experiments to show this was true.  His experiments also showed that the length and width of the pneumatic and the width of the cloth at the opening end has a great influence on the cloth factor.  In the January/February 1995 issue of The Amica Bulletin an article by Peter W. Brown was published where he explained this characteristic of a pneumatic in great detail.  In his article he discusses two sets of equations he developed that will solve the force of a pneumatic at any stage of opening at a given pressure in the pneumatic.  One set of the equations calculates the force on the pneumatic from fully open to the point that the cloth becomes tangent to the boards.  The other set of equations calculates the force from that point to completely closed.  For this paper I have given the point at which one equation ends and the other equation begins the name “critical point”.  The cloth factor was taken advantage of by the Ampico B to make the striking force of each note adjustable.  In the Ampico A the cloth factor of the spring pneumatic plays a small part in the value of the dynamic steps above step 1 with the most influence on the higher value steps.  The cloth factor also influences the crescendo dynamic curve to some degree.

The explanation of Mr. Brown’s equations can be found in the Appendix to his article and will not be repeated here.  Using a spread sheet I was able to use his first set of equations to solve for the force the spring pneumatic apply to the regulator valve throughout its normal operating range when there is no crescendo or decrescendo effect taking place.  There is quite a lot of number crunching required to accomplish this task and understanding how his equations work is not necessary to understand the concept of how the cloth factor influences the Ampico A dynamics therefore it will not be shown here.


The spring pneumatic and its relationship to the regulator valve

The spread sheet also included a leaver factor to solve for the force applied to the regulator valve after the force of the spring pneumatic was calculated.  The pressure used in the spring pneumatic for these calculations was 3.7 inches of water which is the pressure that Mr. Saul found to work best. For these calculations I set the maximum possible opening of the spring pneumatic to be 1 inch.

The following is graph of the force applied to the regulator valve by the spring pneumatic from almost full open to the critical point. This is derived from the aforementioned spread sheet.  During normal operation the spring pneumatic does not close to the critical point therefore this curve shows the entire operating range of the spring pneumatic. 


ii Decibel 

Decibel Equations

The dB is not a quantity of sound; in essence it expresses an energy relationship between any two signals.

In working with systems we are often more interested in power gain and power loss than we are in the actual power in the system.

And  since determination of power gain and power loss was important in the early days of the telephone, it was desirable to express these ratios as logarithms in order to duplicate the nonlinear response of the human ear to sound waves. Consequently a unit called the Bel was defined as the common logarithm of the ratio of output power to input power.  The Bel* proved too large for practical purposes: hence, we usually express the power ratio in tenths of a Bel or decibels. 
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In the world of acoustics the dB if often used to compare two sounds.

The following is an explanation of the dB equations used in this paper.  We will start with the original dB formula and build from there.
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First some preliminaries:
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Let:
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As a consequence of the law of conservation of energy Work and Energy are numerically equal.

According to the book Fundamentals of Musical Acoustics by Arthur H. Benade in chapter 17 part 4 “The Action of piano Hammers”, there are three things that influence the time the hammer remains in contact with the string (Tc).

1. The frequency of the note.

2. The softness of the hammer

3. In the top two octaves the inverted reflected wave from the bridge returns before the hammer has left the string and it influences the contact time.

None of the above are influenced by the force at which the hammer strikes the string therefore the contact time remains the same for any given note regardless of the playing force.

In the Power equation let’s do some substitutions. 
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In this equation t = Tc  

(Time hammer remains in contact with springs)

Now in the original dB formula we can make some substitute and make an equation that solves for dB based on pressure changes in the bellows from one playing to the next. Start by substituting the above equation for Power in the original dB formula.
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   substituting we get  
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   It is shown above that the time that the hammer contacts the string is the some for all playing of the same note therefore t1 = t2 for this equation since it is being solved for the dB change of a single note based on two different playing pressures.

The Area in this equation is the area of the moving part of the playing bellows and since the same bellows is use for every playing of the same note therefore A1 = A2.

The distance traveled is the distance the bellows travels and since the same bellows is always used s1 = s2.

Since t1 = t2, A1 = A2 and s1 = s2 all of these terms will cancel out in the above math step leaving:
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   (Equation 1)

To prevent confusion of terms for the following changes will be made in the terms used in this equation.


[image: image359.wmf]1

P

 will be changed to  
[image: image360.wmf]=

sp

P

starting pressure 


[image: image361.wmf]2

P

 will be changed to 
[image: image362.wmf]=

np

P

new pressure 

So now there is an equation that calculates relative dB between two different striking pressures.  Now relative volumes of a note struck at two different settings of pressure in the player stack can be calculated.

Next a formula to calculate relative dB between to different playing of the same note based on hammer Velocity is developed

Again start with the original dB formula 
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  and make the following substitutions.  
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  substituting the equation for power
[image: image365.wmf])

(

t

W

P

w

=

 yields  
[image: image366.wmf]1

1

2

2

log

10

t

W

t

W

dB

=


 In this formula substitute energy for work since they are numerically the same.
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        substituting the equation for energy, 
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  results in 
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The above shows that the time that the hammer contacts the string is the some for all playing (t = Tc ) therefore t1 = t2 for this equation since it is being solved for the dB change of a single note.  In this equation the mass it the mass of the hammer therefore since this is dB changes of a single note 
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.  This means that all m and t’s will cancel along with the 
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since 
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 can be substituted for x2 in this equation therefore x would =
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  After simplifying produces the new formula 
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This is the new formula for calculating relative dB between to different playing of the same note based on hammer Velocities.

To test the concept of using playing pressure to calculate relative dB between two different striking’s of the same note at different pressures I turned to data from the following article.  

 A SPARK CHRONOGRAPH DEVELOPED FOR MEASURING 
INTENSITY OF PERCUSSION INSTRUMENT TONES

BY C. N. HICKMAN 
Research Laboratory, American Piano Company

In this article Dr Hickman gives detail technical information on recording the loudness of each note at the time an artist is making an Ampico recording by measure the velocity of the hammer at the time it struck the string.  There are three graphs that show technical information about the Ampico B. These graphs show pressures used by the Ampico B at different dynamic steps and the relative dB each step produces.  Even though they are based on the Ampico B the raw data can be used to check the validly of the above dB equation.

	Steps
	Pressure in player stack (PnT) in inches of H2O
	dB
	dB gain of each step over the preceding step
	Pn

	Data taken from charts in Dr. Hickman’s article
	Let step 1 be the reference of 0dB and calculating the db gain each step has over the preceding one
	Calculate the Pn for all steps shown                Pn = PnT -PA                                     PA was calculated to be 4 in appendix iii

	1
	6.0
	34.6
	0
	2

	2
	6.8
	36.2
	1.6
	2.8

	3
	7.8
	37.6
	1.4
	3.8

	4
	9.4
	39.0
	1.4
	5.4

	5
	11.5
	40.6
	1.6
	7.5

	6
	15.1
	42.2
	1.6
	11.1

	7
	19.0
	43.6
	1.4
	15

	8
	26.0
	45.2
	1.6
	22


Note: Pn is the pressure used to produce sound PnT is the total pressure in the player stack at the time the note is struck and PA is the pressure required to overcome the friction in the piano action see appendix iii for more detail. 

Note: The average gain of each step of the Ampico B as shown is about 1.5dB per step in section III it can be seen that the average gain of each step in the Ampico A is about 2dB per step. 

In the following chart the dB gain of each step over the preceding step of the Ampico B is calculated with the new dB equation and compared to the dB values from Dr. Hickman’s article.
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	dB from Dr. Hickman’s charts
	Differences between the two dB from chart and those calculated from pressure in player stack
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Note dB calculated above was rounded to the nearest tenth of a dB since that was the accuracy achieved by reading the charts in Dr. Hickman’s article.

The greatest difference between the dB values shown in the Dr. Hickman’s article and those calculated from the pressures in the article is 2 tenths of a dB and this is only in step 5 all of the other calculations only had a 1 tenth of a dB error.  Thus validating the dB equation that uses stack pressures to calculate the relative dB values from player stack pressures. 

When the Ampico strides two or more notes at the same time they are always struck with the same force and therefore if the system is regulated so each note plays at the same volume at the same pressure we can use the following information to calculate the resulting total dB. 

The resultant dB’s of two or more equally loud sound sources can be calculated by the following equation.

∆L = 10 log n

∆L = level difference; n = number of equal loud sources 

Example: Assume that two piano notes are played at the same time and they are both 60dB in intensity. The total dB produced by the two notes would be calculated as following. 

∆L = 10 log 2

∆L = 10 (.30103)

∆L = 3.0103

∆L is the level difference or increase in dB over the dB of just one source or note therefore our total dB would be 60 + 3.0103 or 63.0103dB.

Using the above equation it is easy to develop a chart that will show the increase in dB that multiple equal dB sound sources will have over just a single source of that volume. The following chart shows these values rounded to the nearest tenth of a dB.

	Number of sources, n
	∆L in dB

	1
	0

	2
	3.0

	3
	4.8

	4
	6.0

	5
	7.0

	6
	7.8

	7
	8.5

	8
	9.0

	9
	9.5

	10
	10


iii Piano action friction PA

Deriving the pressure required to overcome friction in the piano action PA.

The lifting of the piano key and the action parts such as the wippen, jack, string damper and all of the associated parts along with the friction encountered in this process of playing a note uses energy.  This energy does not help produce any sound from the string.  This energy must be supplied to any key plus some additional energy to produce a sound.  The pressure in the striker pneumatic required to produce this energy must be accounted for in the process of calculating the dB gain between any two playing volumes.  I have assigned the abbreviation PA to the pressure required to product this energy.

Now this amount  of pressure must be determined so it can be subtracted from the total playing pressure (PnT), leaving only the pressure that produces sound.  With this sound producing pressure the relative dB between two different playing volumes produced by a change in pressure in the player stack can be computed.  The data in Dr. Hickman 1929 article provides some insights.  In the article there were several data curves showing numerous technical measurements made at the research laboratory of the American Piano Company using the device he had invented for measuring hammer velocities.  After some thought it became evident that hiding in this data was the information needed to determine the pressures.  The curves depicted piano hammer velocities that had been measured using his device.  The dB changes from one dynamic step to the next were calculated from these velocities..  The pressures used by the Ampico to produce these velocities were also given.  Even though these measurements came from the new Ampico (Ampico B) the player stacks were basically the same as that of the Ampico A.  Since the pianos used for Ampico A and B’s were the same the action friction PA would be the same for both Ampico systems.

Data from Dr. Hickman’s article; used to calculate PA 

	Steps
	Pressure in player stack  in Inches of H2O required to produce this step
	Velocity of Bass hammer produced by listed pressure
	DB given in Dr. Hickman’s article these are calculated from the measured hammer velocities all figures are relative to a assigned value of 30dB for the softest playing  step 
	Volume change of each step compared to the previous step. These were derived by subtracting the dB value of the previous step from the current step

	0
	5.25
	55.0
	33.0
	

	1
	6.0
	66.0
	34.6
	1.6

	2
	6.8
	78
	36.1
	1.5

	3
	7.8
	92.5
	37.6
	1.5

	4
	9.4
	110
	39.1
	1.5

	5
	11.6
	132
	40.6
	1.5

	6
	15.1
	158
	42.1
	1.5

	7
	19.5
	187
	43.7
	1.6


(There is more data in the Dr Hickman article than is shown her.)

Deriving PA from Dr Hickman’s technical data

With the Measure dB change in volume given and the pressure to cause that amount of volume change also given there is enough information to calculate the amount of PA in each successive step .  The pressure given is the total pressure which contains the PA pressure within the total.  PnT = Pn + PA  equation 4, solve this equation for Pn ,    Pn = PnT - PA.

  Next substitute PnT - PA for Pn in the dB equation #1 and solve the dB equation for PA  
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Take the analog of both sides
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Put into this equation the known data from Dr. Hickman’s article using data from adjacent pairs.  Starting with steps 0 and 1.  Solve the equation for PA.  
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Continue computing the PA for the remanding pairs and then take the average of all PA this will give us the PA average for pianos with the Ampico installed.
 Steps
PA

1.2 3.56

1.3 4.06

2-3
4.38

3-4
3.92

4-5
4.07

5-6
3.12

6-7
5.22

Total              28.33
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Rounded to the nearest 10th yields 4.0 for PA

iv Coil springs found in the Ampico A

Coil springs found in the Ampico A

The coil springs found in the Ampico A are all simple extension springs.  Theoretically they follow Hook’s Law which may be written F = ks, where F is the force applied, s the resulting elongation, and k a constant whose value depends upon the nature and dimensions of the spring under stress. Extension springs are typically manufactured with an initial tension Fi which presses the coils together in the Free State. Since the initial tension is not zero, the spring rate is not truly linear when measured from the resting state. However once the initial tension is overcome, the spring does behave linearly. 

The crescendo, amplifier and pump spill valve springs from two Ampico A were evaluated by a spring manufacturing company.  The two Ampico A were made in 1921 and 1929 one near the beginning of the Ampico A era and one from the last year of manufacture.  The analysis showed that all of the crescendo springs from both pianos were very similar as to coil size and material and when they were new most likely had nearly the same k (spring constant) per individual coil.  Since the working length of the entire crescendo springs were the same it can be concluded that the crescendo springs of the Ampico A were basically unchanged through out the manufacture of the Ampico A’s.  This was also true for the amplifier and spill valve springs. Since the k value of the coils of the amplifier spring and the pump spill springs were approximately the same for both years and that the working length of each spring is determined in the setup of the Ampico A it can be concluded that these springs also remained unchanged for the entire run of the Ampico A. (note: Two sets of springs does not present enough data to be 100% conclusive of these facts but for this paper I an going to assume this to be true.) 
The characteristic of springs of this type can change initial; tension Fi. This can be reduced to zero by the overstressing of the spring to the point that the coils no longer touch when the spring is under no load. Of the amplifier and spill valve springs evaluated one was found to have a very little initial tension and one had none. The spring technician states in a memo that accompanied the evaluation data that he could not guarantee the stated initial tensions included in his evaluations of the above springs because the design of a spring does not accurately direct you to a particular initial tension value.  In a telephone conversation with the spring technician I inquired that since all of the springs had nearly the same k value if it were possible that all of the springs I had evaluated could have been cut from one common long coil of spring material and he said that was a very likely possibility.  He pointed out that this could explain why one of the ends of one of the springs was very crudely made.
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Simplified drawing of the crescendo mechanism during a decrescendo effect and the corresponding electrical analogous circuit
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�	 Herbert W. Jackson, Introduction to Electric Circuits sixth edition (New Jersey: Prentice -Hall, 1959)536
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