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ABSTRACT
DIGITAL SOUND METER FOR MOVING VEHICLES

By

Sean Nandakumar Vidanage

Enforcement of reasonable boat noise standards is a problem for lake residents. This
problem stems in large part from the complexity involved in making noise measurements in a
repeatable, standardized way that can stand up to challenges in a court of law. Two specific
noise measurement techniques are used by the State of Michigan: SAE J2005 and SAE J1970.
The former delineates steps for testing idling boats, while the latter describes a procedure for
testing lake-borne boats from the shoreline. These noise measurement procedures do not
accurately reflect the maximum noise levels of operating boats, which are affected by distance
and the background noise of other sources. Both standards use specific procedures with a
generic background noise correction and neither uses a distance sensitive noise measurement
device. These standards are more properly suited for boat manufacturer certification of boats,
where background noise and distance can be controlled, and not as an enforcement standard.
A new noise measurement standard specifically designed for ease of enforcement is required.

An accurate measure of normally operating boat noise is required for a useful noise
measurement system. A device is needed to make a representative measure of the boat’s
acoustic power using measured boat sound level with integrated corrections for sensed
distance to the boat and measured ambient sound level. This device needs to make this
measurement process invisible, automatic, and accurate from a law enforcement point of view.
This work describes the theoretical underpinnings, creation, and testing of such a device. With
this device a new noise measurement system can be created which will allow law enforcement

to enforce noise standards without complicated procedures and requirements.
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NOMENCLATURE

A Area

c speed of waveform (sound)
C Background Correction (dB)
¢ Speed of Sound

D Distance Correction

I Acoustic Intensity (W/m2)
M Measured Sound Level

M

corr Corrected Output of Boat Noise Gun

Acoustic Pressure

Pref Reference Pressure

P.ource Acoustic Power

Psource |square of the acoustic pressure

Psource Acoustic Power

r radius
p Air Density
tho density of air
SPL Sound pressure Level (dB)
Xy dB decay per doubling of distance
b Mean Squared of Backround Sound
Yb Total background sound
m Mean Squared of Measured Sound
Ym Total Measured Sound
s Mean Squared of Source Sound
Ys Total Source Sound
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Chapter 1

INTRODUCTION

Excessive noise levels on lakes are the source of many community problems. Given
the increasing numbers of boats on lakes, shoreline residents who wish to maintain a peaceful
environment have a vested interest in controlling noise pollution. An outdated Michigan
statute (Act 303 of 1967) read as follows: “A person shall not operate a motorboat on the
waters of this state in a manner that disturbs the peace of others.” This line was omitted in
future versions of the Act, and underscores the problem today.

Current standards for monitoring noise levels of boats are written in the Michigan
Marine Safety Act of 1994 (Michigan 1994). The current standards, SAE ]J2005 (SAE 1991b)
and SAE J1970 (SAE 1991a), tend to discourage the state law officials who try to apply and
enforce them. The SAE J2005 standard requires that the target boat be tethered to either
another boat or a dock. The engine motor is set to idle, and the measurement is taken 3 feet
away. This requires extraordinary cooperation not only from the vehicle operator, but also
from all other boats in the immediate environment. The SAE ]J1970 standard is a shoreline-
based measurement of the boat noise. The measurement is taken from the shore, as long as
the boat is not within 30 seconds of leaving ot returning to shore. SAE J1970 can only be used
when the offending boat is alone on the water and near to shore. Neither noise level standard
has ever been successful in convicting a noisy boat operator in the State of Michigan.

The solution to the noise standards enforcement problem lies in the creation of a noise
measurement standard, which allows the accurate measurement of the in-use noise level of a
boat. The goal of the standard is to compute a value representative of the acoustic power of

the boat source without requiting operator cooperation. Enforcing this standard would



require a device that would compute a value representative of the noise level of a boat
unaffected by distance, background noise level of other boats, and weather. In order to
compute this representative value of acoustic power, a model of sound propagation is needed.
With this model, and a distance measurement, the point sound pressure (dB) measurement can
be related to the sound power of the boat. A measure of the background noise level is also
needed so that the influence of other noise sources can be removed from the measurement.
The purpose of this work is to create such a “Noise Gun.” This device, coupled with
redrafted statues, would finally allow law enforcement officers to enforce a reasonable noise

level standard not only for boats, but for ATV’s, snowmobiles, and other vehicles.



Chapter 2

BACKGROUND

The noise standards currently in effect in the State of Michigan are defined by the

Marine Safety Act (Act 451 of 1994), part of which states:

Sec. 80156. (1) Subject to subsection (2), a person shall not operate a motor
boat on the waters of this state unless the motor boat is equipped and
maintained with an effective muffler or underwater exhaust system that does
not produce sound levels in excess of 90 dB(A) when subjected to a stationary
sound level test as prescribed by SAE J2005 or a sound level in excess of 75
dB(A) when subjected to a shoreline sound level measurement procedure as

described by SAE J1970.

This Act provides two sound level maximums for testing under specific conditions: the SAE
J1970 and J2005 test procedure standards, written by the Society of Automotive Engineers
(1991a, b). In order to understand these limits, we must look at the two standard tests in
detail.

The J2005 is intended as a statonary test for motorboats. This test is designed to
determine whether a boat’s muffling system is adequate to reduce the sound power of the

boat. The basic procedure is as follows:



The boat must be docked or tied to another boat.

¢ The boat must be in a neutral gear, or at its lowest idle speed possible.

¢ The microphone must be placed 1.2 to 1.5 m (4 to 5 ft) above the water, and
no closer than 1 m (3.3 ft) from the boat itself.

® The background noise level must be at least 10 dB lower than the level of the

boat.

The J2005 test was designed mainly because stationary tests are easier to conduct than tests
performed while boats are in motion. There are many problems with stationary tests, however.
The process of identifying a noisy boat, chasing it down, lashing it to a police boat, and then
administering the test is long and cumbersome, besides being impossible to conduct in rough
water. Furthermore, newer boats have a “captain’s choice” exhaust, which allows boat
operators to switch between underwater exhaust and unmuffled air exhaust. Obviously, when
a test is administered, a captain would switch to the quieter underwater exhaust system. The

J2005 test simply does not address the problem of unreasonably noisy boats on the water.

The J1970 standard is meant to test the sound level of boats as perceived on the
shoreline by tiparian owners, the originators of most of the complaints. The basic procedure

in this test is:

o The measurement must be taken either on shore or on a dock not mote than

6 m (20 ft) from shore.



¢ The microphone must be placed 1.2 to 1.5 m (4 to 5 ft) above the water.

e There is no distance requirement to the target boat. The boat must not be

measured 30 seconds after it launches or its last 30 seconds coming into the

dock.

e The background level must be at least 10 dB lower than the level of the boat.

Theoretically, the use of a shore measurement should be enough to satisfy shoreline residents
regarding boat noise. However, there are problems with this test as well. First of all, it is not
easy to perform unless there is only one boat on the water, which never happens in the busy
summer season. Secondly, the noisy boat can be over a mile away, but this test is impossible to
conduct at such a distance. These tests, if enforcement were easy to carry out, would alleviate
some of the noise problem. However, the many intricacies of measurement procedures,
coupled with the variables that affect noise level which are not taken into account, produce
loopholes so that citations can be challenged successfully in the court. Therefore the J1970
and J2005 standards are inadequate for enforcing a noise measurement standard for boats in-

use on the water.

The SAE ]34 standard (SAE 2001) is referred to in the laws of 14 states. It seeks to
ptovide a comprehensive test to determine the maximum sound level of the boat in use. A

summary of this test is as follows:

® A test site must be created as shown in Figure 1.

e The boat must pass within of 3 m (10 ft) on the outside of the buoys.



¢ The boat must be at +/- 100 rpm of its full throttle rpm range.

¢ The microphone must be placed 1.2 to 1.5 m (4 to 5 ft) above the water, and

no less than 0.6 m (2 ft) above the dock surface.
¢ The background level must be at least 10 dB lower than the level of the boat.
e The wind speed must be below 19 km/h (13 mph).
¢ The peak reading as the boat completes the course shall be recorded.

¢ Two readings will be made for each side of the boat.

A@ @= o

25 m

25m

Imm—2" %0

Shore

25 m v

Figure 1: SAE ]34 Test Layout

The ]34 standard successfully measures the peak in-use noise level of the boat as it traverses
the course. However, the complexity of setting up a course, and the range of variables which

must be recorded, necessitate that there must be an officer in the boat as well as on the dock.



It requires skillful piloting, extremely calm conditions, and patient and qualified officers to
administer the test. This standard is meant as a way for boat manufacturers to certify their
boats are compliant with noise standards, rather than as an on-lake test for noisy boaters. The
J34 test provides a measured value that is related to the sound power of the boat. However,

the difficulty in administering this test limits its usefulness for enforcement of noise statues.

J1970, J2005, and J35 are not the only measurement standards used in the US,
however, almost all states that have noise statues follow one or mote of these three SAE
standards. A complete listing of state standards is listed in Appendix A, and summarized in

Table 1.

Table 1: Summary of State Noise Enforcement Standards

Standard # of States
J1970 7
J2005 12
]34 14
Officer Discretion 9
Other (state standard) 11
None 6

Accurate measurement of acoustic power from a boat is difficult enough that nine states
simply use officer discretion as a method of determining if a boat is overly noisy. The need for
a new noise measurement standard is clear when no state has a method of easily measuring the
in-use boat noise level. In Table 2, we outline the pros and cons of the three most widely used
noise measutement standards, J1970, J2005, and J34. The main problem with the standards is

shown in the first row. The J1970 standard is a measurement of boat noise as it is heard on



shore. The J2005 standard is a measurement of boat noise as the boat is idling. The ]34
standard is 2 measure of the peak noise level of the boat only when it completes a specific

predefined course. The new enforcement standard proposed in this document would calculate

a value that is representative of the maximum acoustic power of the boat at any time.

Table 2: Summary of the J1970, J2005, and ]34 Standards

Standard 71970 72005 734
Measurement Measures the Measures the Measures peak
emission from the | emission from | noise level from
boat only when the boat atidle | boat
near shore
Ease of use Boaters’ 100% Boaters’ 100% | Boaters’ 100%
cooperation cooperation cooperation
needed, no other needed; time needed, requires
boats around consuming 2 officers,
complex test
course setup
Real World Never repeatable | With extreme With proper
Repeatability care, repeatable | procedures,
repeatable
Reliability of Can challenge level | Distance from | Reliable test if
data in a court of the boat; not boat to complicated
setting separate from microphone procedures are
other nearby boats | critical, can be | followed exactly
challenged

A noise measurement device that is more advanced than a standard noise meter is
tequired by the new standard. The meter will need to output a predicted minimum sound level

of the boat at a standard distance away. This will allow for measurements to be compared to



other boat measurements no matter how far the meter operator is from the boat. Sound
propagation and measurement techniques need to be reviewed in order to make this
prediction.

The Noise Gun will need to do these predictions in an invisible manner from the
operator. The corrected noise level at a standard distance away will eliminate the problems of
reliability of the measurement. The integration of this procedure into a single electronic
instrument will eliminate the difficulty in use that plagues the other standards. With this

device, the new noise measurement standard can be used easily for law enforcement.



Chapter 3

SOUND PROPAGATION

Knowledge of how sound propagates over water is necessary for our calculations.
Since our goal is to measure the sound level at the position of the observer, and convert it into
what the equivalent sound level would be at a standard distance from the source, we need to
have a model of how sound propagates. We will look at two ideal cases, a point source and an
infinite plate source, as well as one published study of boat noise propagation. We will also

look at how background noise affects a measurement of sound level.

Spherical Propagation

Spherical sound propagation is one way to idealize the acoustic propagation field
produced by a boat. The point produces a level of acoustic power, which then propagates
uniformly away from the point over a sphere. The acoustic power is assumed constant at any
distance from the point. The energy is spread over the sphere of radius r from the sound
otigin. This derivation is based on standard sound propagation theory, and Radcliffe (2002a),

(Appendix D).

10
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Figure 2: Sound Propagation from a Point Source

The acoustic intensity (I) is an energy flux (W/ tn2). The acoustic power (Pgyyrce) is the

integral of that flux over some sphere (radius 7, surface area <) surrounding the source,

Poource = [ldA=1(47 r?) )

Acoustic intensity is related to the square of the acoustic pressure (p), where p 1s the air

density, and ¢is the speed the wave (sound),

2
I = p_ (2)
pc
Relating the acoustic power to the acoustic pressure with (1) and (2),

—_ Psource

2
p
; am? ©




We wish to determine the relationship between the ratios of pressutes to the ratio of distances

Py _ Jpc (Psource )/ 47”2 ? —_1 @
Jpc (Psource )/ 4m.l : "2

Sound pressure level is a function of acoustic pressure. It is specified in decibels, defined as

SPL = 20log,o| —2 ©)
Pref

where p ref is a reference pressure (2)\710—5 Pa),

The change in sound pressure level for two points is

ASPL =SPL(r, ) -SPL(r, ) = 2010310 21

-20 lOg 10
Pt Fref ©

_201og,0[ ] 20log;o (—'J
"

For a doubling of distance, ry = 1 and r, = 2, the ASPL is -6 dB.

Infinite Plane Propagation

An infinite plane source is the other limiting case of a boat sound propagation field.
This approximation can be used very close to the boat. In this case, an infinite wall radiates
sound at the same intensity at every point on the wall. Since the sound wave travels linearly

away from the wall and does not expand, the sound intensity from an infinitesimal patch

12



radiates over a rectangle. The acoustic power remains constant since the area is constant, and

therefore the sound level at any point away from the wall is constant.

Wall
>30
>30
>30

~
[}
~ -
[}
[\

Figure 3: Sound Propagation from an Infinite Plane

The acoustic intensity (I) is an energy flux (W /mz). The acoustic power (Pggy,ce) is the

integral of that flux
Psource = IIdA =1(A) @)

Acoustic intensity is related to the square of the acoustic pressure.

2
1=P_ ®)
pc
Relating the acoustic power to the acoustic pressure with (7) and (8),
P_z_ - Psource )
pc A



We wish to determine the relationship between the ratio of pressures to the ratio of areas

P, _ JpC(Psource )/A2 - 4 (10)

P 1 .JW(PSOMTCC )/A] A2

Since the surface is infinite, the acoustic energy radiates outward into the same area at every

radius from the surface. So Al = A2 ,and

P,

A
—~ == 11
T 1n
The change in sound pressure level for two points is
Py Py
ASPL =SPL(r, ) —SPL(r, ) = 20log)q —20log;o
p ref p ref (12)

= 2010g|0[p—2]= 20log;p(1)=0
P,

The change in sound pressure level, ASPL | is always 0 dB.

Motorboat Testing

The National Marine Manufactures Association (NMMA 1987) set out to measure the sound

propagation field from motorboats. A boat is neither a point source nor an infinite wall

14
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Figure 4: Sound Propagation Test Setup

source; its decay is somewhere between these two cases. These tests measured the
propagation decay of a group of actual boats. Sound level meters were placed on poles at 50,
75, 100, and 200 feet away from a straight buoy course that the boat traversed. This allowed
simultaneous readings of the boat noise at different distances. This test was conducted for a
wide range of boats (with horsepowers from 10 to 370) in a single set of conditions. Figure 5

displays the data gathered in this experiment.

15
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Figure 5: The National Marine Manufactures Association Test Data

The Marine Manufacturers Association study determined experimentally that on
average boats had a 5 dB drop per doubling of distance.
determine the average sound level decay for most watercraft, since this set of testing was not as

rigorous and complete as is needed to stand up to court challenges. The data shows that most

Further testing

vehicles exhibited a decay value of between 4 and 6 dB per doubling of distance.

16
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Figure 6: Sound Level Decay

Figure 6 displays the differences between various decay values. If a boat noise level
is 85 dB at 200 feet, your assumption of how sound decayed with distance would affect
your prediction of the sound level at 50 feet. If your assumption was that sound decayed at
4 dB per doubling of distance, you would predict that the boat would be 93 dB at 50 feet.
If you assumed 6 dB, you would predict 97 dB at 50 feet. It is important to determine

what this decay value is in order for the device to make an accurate prediction.

Multiple Sound Sources
Background noise is key to making a precise noise measurement. A noise source can
only be measured when it is louder than the surrounding noise level. Even when the source is

above the background, the reading taken from a source is a combination of the source noise

17



and the background noise. The SAE noise standards only allow measurements when the
measured source is 10 dB higher than the background. Because of this, our device must
correct for the background sound level.

Since the noise reading is a linear combination of the sound intensities from the
background and the source, we can subtract the background contribution (Radcliffe 2003),

(Appendix E). The total mean squared measured sound y,, is the sum of the source ygand

background noise yj, , for a broadband random noise,

Ym=Yst Y (13)
This total measured sound Y, is expressed on a decibel (dB) scale as
Y, =20logo(ym) =20logyo(ys + yp) (14)
where the measured background level Y},
Y (dB) = 20log;o(yp) (15)
and the desired sound source level Y

Y;(dB) =20logo(y;) (16)

Solving for the source and background levels in (13) yields
y =10/ a7

Vs = IO(Y: /20) (1 8)

18



These results can now be substituted into (16) and (13) to solve for the source pressure yg and

source level in decibels

Y, (dB) =20logyq[y; |=2010g10[ym ~ ¥
 2010g;10%m/20) _19¥5/20)]

Rearranging (19) to collect terms and compute compensation in dB,

(¥p/20) \]
Y,(dB) = 2010g,0[(10(ym/ 2)) [1 -%]
10¥m/20) ]

= 2010g;(10%m/29) )+ 2010g 1 - 10{tb ~¥m)/20))
This compensation equation (20) can now be written as

Y,(dB)=Y,, +C

(19)

(20)

(21)

where the compensationC = 2010g10(l—10[(yb ~Ym) 20]). Because the argument of the log

function is always less than 1, the compensation C will always be negative.

19
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Figure 7: Sound Level Compensation C

The graph shows the required correction given the difference between the
measured noise source value and the background noise. When the difference between the
measurement and the background is 10 dB, the measured value is about 3.3 dB too high.
Thus, if the background is 70 dB, and the measured source value is 80 dB, the real source
level is about 76.7 dB. This correction is not valid when the source sound level and the

background sound level are very close in value.

Targeting the Boat — Directional Measurements

Directional measurement is an important factor in the measurement of boat noise.
The sound measurement must discriminate between the target object and other objects in the
vicinity. There are two types of microphones that are generally used for directional pickup —a

parabolic microphone or a shotgun microphone.

20



A parabolic microphone uses a large parabolic reflector to reflect sound waves into the
microphone. This reflector only reflects wavelengths of sound less than the radius of the dish.
This requirement means that for a frequency of 1000 Hz, the radius of the reflector must be at
least 0.33 meters. For a frequency of 100 Hz, the microphone must have a radius of over 3.3
meters. This type of microphone provides 20-40 dB of discrimination between the target and

other noise sources in the general direction of the target.

A shotgun microphone uses a long tube that reinforces the sound wave as it travels
both down the tube and on the outside of the tube. The length of the tube is important to
increase the directionality of the microphone. However, the length does not play a direct role
in the frequency response of the microphone. This type of microphone provides 15-20 dB of
directional discrimination. A response pattern for an Audiotechnica AT815b microphone is

shown in figure 8.

21



1 kHz

Figure 8: Polar Response Pattern of the Audio-Technica AT815b

For the directional sound measurement the shotgun microphone was chosen. The
parabolic microphone offered better directionality of sound measurement, at a cost of its large
cross section. The shotgun microphone offered only slightly inferior directionally of sound
measurement and a much reduced cross-section. The length of the microphone can also be

reduced if less directionally at low frequencies is required.



Chapter 4

THE VEHICLE SOUND LEVEL METER

Package Overview

A— Micro-Controller and Display

@ .ﬁ K Laser Rangefinder
N

{— Shotgun Microphone

Figure 9: The Prototype Boat Noise Gun

The prototype unit shown in Figure 9 contains the electronics to make the

measurements and conversions detailed in the previous section.

Input equipment details
The shotgun microphone used is an Audio Technica model AT815b. At moderate
frequencies this microphone provides up to a 20 dB gain for on-axis measurements. At a level

of 100 dB along the axis of the microphone, the microphone generates a voltage of

100dB SPL= (2 Pa)11.2mV/Pa)=22.4mV 22




A Contour LaserRangefinder XLR' handles the distance measurement. The device
sends out a pulsed infra-red laser and times the reflection of the beam, at a resolution of 0.1
foot. The time it takes for the beam to return, multiplied by the speed of light (approximately

983,571,056 feet per second), is twice the distance to the target. This means that for a 10 foot

measurement, the device would measure a time of 2x10°® seconds. The difference between a

10 foot measurement and a 10.1 foot measurement would be 2x10°'* seconds. The ease of use

and the built-in computer interface made this device an easy choice for the prototype.
However, in a production model of the Boat Noise Gun, a customized version would be

designed to remove much of the bulk of the current device.

The Boat Noise Gun is run by a Basic Stamp® microcontroller. This device takes
sound level and distance inputs, computes all relevant corrections, and controls the output
displays as specified in its custom program. It is interfaced with analog circuitry that does the
signal processing. The use of a microcontroller allows simple software updates to change the

operation of the device.

24
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Figure 10: MX636 dB Conversion Circuit

(Maximn (1998). Figures 5 and 10)

RMS dB Chip Circuit

5V

The signal into A in Figure 10 is from the microphone and is an AC signal. In order to

measure this signal it must be rectified into 2 DC level. This DC level can be easily measured

by a circuit that converts the analog DC voltage into a digital number. The Maxim MX636

chip takes the linear AC input from the microphone stages and converts it to a DC voltage

that is proportional to the dB level of the input signal (log scale). This part of the circuit is a

standard operating configuration recommended by the manufacturer, Maxim.
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The input signal must first be filtered of low frequency noise. C, forms a high pass
filter with the input resistance of 6.7 k€ for the MX636 to remove low frequency bias. In
order to be converted from an AC signal to a DC signal, the signal frequency must be above
10.8 Hz.

The time period over which the RMS value is measured is defined by the averaging
capacitor, C,,. C,, = 1 UF corresponds to a settling time of 115 msec at an input voltage
level of 100 mV. Smaller input voltages take longer to settle. At an input of 1 mV, the settling
time is 10 times longer (about 1.1 seconds). The RMS calibration on Pin 5 is -3 mV/dB. As
the input RMS level changes by 50 dB, the output voltage (Pin 5) should change by —150 mV

from the 0 dB reference value set by the variable resistor on the pin.

R;=6.8k Q Gain Adjust
—WW—

3-white Vi Ri=35002

1-shield Ry=580Q Output

R=6.8k Q
me

2.5v)

Figure 11: Microphone Amplifier Circuit.

Microphone Amplifier Circwit
The microphone amplifier circuit in Figure 11 is needed to interface the low level

shotgun microphone output with the dB log measuring circuit (MX636). The input impedance
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of the circuit needs to match the output impedance of the microphone. The output needs to
match the input requirements of the MX636 chip. This requirement is a voltage change of 0-
200 mV RMS over the full range of sound inputs. The 200 mV swing must occur around a
bias of 2.5V.

The direct connection to the microphone is a balanced input. The output from the
microphone is sent on two wires, and difference between the voltages on the wires is the
microphone signal. The ground wire is kept separate to minimize noise pickup from
magnetic/electric fields. The input is impedance balanced on each wire with the output
impedance of the microphone.

The first op amp is an inverting amplifier. The gain is determined as follows: First we
record the fundamental laws of an op-amp V* —V ™ =0, which is a statement of the infinite

gain of the amplifier, and i}, =i}, =0, which is a statement of the infinite input impedance of

the op amp.
The current through R2 is

h= (Vi; ~Vour )/(Rl +Ry) (23)
and into the reference source,

i = (Vz; - Vref )/ (R3 + R4) (24)

Using the fundamental laws of an op amp,
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vt-vo= M‘ - Raiz]‘ [Vi; -Rlil] =0 (25)
Substituting the equations for 1, and i, into the last equation,

vi-v- =0=[Vi: -R3 (V:: 'Vref)/(R3 +R4)I

iR i Vo) (R +R)) “0

This result can be rearranged to form,

V| = |-v Rs | y+|_Re_ | y-[_Re @7
U\ Ri+Ry ) "\Ry+Ry ) inRy+R, ) "\ R +R,

IfR1 = R3 and R2 = R4,

R -
(Vout ~Vier )= (R_? IV; - V,',, ) (28)

Equations 27 and 28 illustrate the importance of R1, R3 and R2, R4 being matched pairs. If

these resistors are not equal the gain of the amplifier is not a simple ratio. The gain would be

in

affected differently by changesin V¥ or V.
in

~Equation 28 defines the differential gain of the amplifier. Also note that this
differential gain is defined about Vs because when(V_+ -V, )=0, Vour =Vrer- Vyeras

in

2.5V as required by the MX636 chip.

The input impedance of the circuit is the ratio between changes in each of the input

voltages Vi: and V. and associated changes in currents i) and i;. Using (25),
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Vit = Ryiy + Vi — Ryiy = dV;h [diy =Ry (292)

and

Vin = Ryiy +Viy = Ryiz = dViy [diy =Ry (29b)

The input impedance of this amplifier is strictly controlled by the two identical input
resistors Ry and R;. If Rj= 580 Ohms, and Ry = 6.8k Ohms, we get the desited low
microphone impedance with an amplifier gain, (R,/R)=11.7. With this gain, the RMS
output voltage at a sound pressure level of 100 dB is (22.4 mV)*11.7 = 262.6 mV. The second
op amp is also an inverting amplifier, which a varable gain. This is used to trim the output to

the exact requirements of the MX636.
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Figure 12: ADC0831 A/D Converter Circuit

A/ D conversion
The A/D stages measures the analog voltage and converts it into a digital

representation of the value in terms of two limiting values. This digitally represented value is
an 8-bit value. This is also a standard circuit. R} and Rj, and similarly R3 and R4, are

voltage dividers, which define the limiting values.
Vs =22 5v),vs = Ra 250 (30)
R, Ry

V3 defines the bottom of the range of voltage, and V5 defines the span of voltages.

The digital output, x, is defined as

x=(V,~,, -V min

)255;0 <Sx<255 (31
Vspan

The ADCO0831 provides x as the output of its serial interface. This serial output is a digitally

scaled (0-255) RMS microphone level in dB.

When Vin = V3, x = 0. When Vin = V3 +V5, x = 255.
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Figure 13: Noise Gun Program Flowchart.

Microcontroller Data Analysis

The microcontroller must now take the raw digital level at the Boat Noise Gun, and
compute an equivalent noise level at 50 feet. It has an input from the microphone. It must
compute a dB level from this number. It must then input the distance and compute a log
correction to get the equivalent noise level at 50 feet. Then it takes the background noise and

computes a correction for this. This process is diagramed in Figure 13.
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In the Initialization block the device makes a measurement of the ambient sound level.
It uses the microphone, amplifier, MX636, and A/D stages to get a digital representation of
the sound level. The sound level data is inputted into the Basic Stamp as an 8-bit number,
which is a representation of the decibel level at the microphone. In order to overcome any
noise on this 8-bit number, an Infinite Impulse Response Filter is used. This filter is used to
obtain a 12-bit number by multiple sampling of the 8-bit output of the A/D converter. As
long as the noise on the input is randomly distributed, this type of filter is accurate. The 12-bit
number is converted into a dB value by interpolation. Since there is a linear relationship
between the 12-bit number and the actual dB level at the microphone, tests are conducted to
find this relationship. A lookup table is constructed to find the dB level from the 12-bit
number.

In the first loop, the Noise Gun uses the same noise sampling techniques to measure
the noise value that the device is pointed at. It then gives a running display of this value and
the background value. This is holding stage where the device is ready to make a calibrated
measurement.

When the operator points the device at the target boat and pulls the trigger, the device
moves into the 2nd loop. The device displays the distance to the target and the sound level in
that direction updated continuously as long as the trigger is depressed. Upon the release of the
trigger, the device begins to make the corrections for ambient noise and distance to the boat.

The ambient level correction is a logarithmic correction, and is pre-calculated for the

difference between the background and the source. This log curve is then broken into linear
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segments, which the stamp can make an interpolation between. As shown in the Sound

Propagation Section, the background correction is:

C = 20logyo 1 - 10[6=¥m)/20]) (32)
The distance calculation is also a log cotrection. The stamp must know the log of the

ratio of the distances in order to find the cotrection. However, in this case the log is calculated

on the fly in the software. As shown in the Sound Propagation Section, the SPL correction is:

r
ASPL = 201og,0(—‘-J
)
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Chapter 5

EXPERIMENTAL TESTS

Calibration

The Boat Noise Gun was tested in the Michigan State Universi hoic chamb

y

Since the directional sound measurement amplifies the boat noise, a calibration must be done

to equate the level the microphone records with the actual dB level at the point of the

observer. This calibration is done by comparing the micropt dings with dard B&K
Type 2230 Microph dings in an envi with no reflections or other distortions of
the sound propagation. This hoic chamber has no beration below 30 Hz. The sound

that hits the microphone is only from the source and not as reflections from any another
surface. The Sound Source used was a B&K HP1001 at octave bands of 8 kHz, 4 kHz, 2 kHz,

1 kHz, 500 Hz, 250 Hz, 125 Hz, and for white noise.




A/D Counts*16

noise gun read as the A/D conversion of the microphone data and the B&K dB level. At each
sound level, 4 datapoints were taken. At each datapoint (App. F) the A/D measurement the
Boat Noise Gun made was recorded along with the B&K dB measurement. The data spreads
at the lowest point, around 46 dB. At this level the noise signal is probably too low for the
Boat Noise gun to make an accurate measurement. Since the Boat Noise gun will never make a
measurement of a boat at this low level, this data spread is not anticipated to cause problems.
At higher dB levels, the 4 datapoints are almost exactly the same, so they appear as one dot on
the graph and not 4 separate dots. A best fit line was developed from the data collected. This

line fits the data from 46 dB to 94 dB with a maximum deviation of 87 counts. From this best
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Figure 15: Data from the First Anechoic Test for White Noise

The first test (Fig. 15) was performed to determine the correlation between what the
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fit, a lookup table was constructed for the Boat Noise Gun. With this table the Boat Noise

Gun could look up the dB value for a particular A/D measurement.
90.0 /
80.0 —-

00t — — — - — —- /
60.0 /
50.0 /
= 400 /
b <
30.0 .
/ y = 0.9943x + 0.2723
2004 /
10.0

0.0 / : \ :

0 10 20 30 40 50 60 70 80 90
dB (B&K)

Stamp)

Figure 16: Data from the Second Anechoic Test for White Noise

The second set of anechoic chamber testing (Fig. 16), compared the internal dB
calculation with B&K readings to confirm the accuracy to the calibrated Boat Noise Gun. At
each sound level 4 datapoints were taken. Here the spread between datapoints is so small that
they appeat as 1 dot on the graph for a particular dB level. Ideally the line should have a slope
of 1 and a intercept of 0. In this data the slope of the line is 0.99 and the intercept is 0.27. This
second test proved that the lookup table between the Boat Noise Gun and the B&K meter

was accurate.
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Directional Tests

1

Tests were d to test the directionality of the micropk as listed in its data

%

sheet. Tests were done in the anechoic chamber at octave bands of 8 kHz, 4 kHz, 2 kHz, 1
kHz, 500 Hz, 250 Hz, 125 Hz, and for white noise (App. F). The Sound Source was set and
recorded at 78.1 dB, and the Noise Gun has a noise floor of 46dB as shown previously. The

total possible directionally that could have been found was 78.1 - 46 = 32.1 dB. The

f: claimed the directionality of the device at 25 dB, but this test showed a value of
15 dB. Since the Boat Noise Gun can detect a gain of over 25 dB if it was present, the
microphone characteristics must account for this difference. The radial shape pattern generally

matches the manufacturer data.

Figure 17: Polar Response of (AlS—b) at 25 Hz Octave Band
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Lake Demonstration

Preliminary instrument testing was conducted at Higgin’s Lake, Michigan. It should be
noted that these were not strict engineering tests. Their purpose was twofold: to demonstrate
of the operation of the device and to get baseline measurements for the further development
of the prototype. A boat owned by a member of the Higgin’s Lake Property Owners
Association passed by the measurement location at approximately 40mph to provide a
consistent level of boat noise at various distances. The boat had the “Captain’s Choice” of
operating with or without its muffler. Data recorded by the Boat Noise gun included a
background noise measurement, directional raw noise measurement, distance measurement,
and corrected noise measurement for each boat pass. One set of data was collected when the
boat passed a line of premarked buoys perpendicular to the measurement location. This set of
data is called broadside, because the side of the boat faced the observer. The 2nd set of data
was recorded after the boat had passed the buoys, when the Boat Noise Gun operator
subjectively determined that the boat noise level was at its peak. This set of data is called peak.
Each set of data has two subsets, when the boat was running with and without its muffler
turned on. These variables make four separate categories of boat runs. The data plotted in
Figure 18 is the corrected noise level for a standard distance of 50 feet that is computed by the
Boat Noise gun with an assumption of 5 dB decay per doubling of distance. Full data records

for these tests are in Appendix F.
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Figure 18: Summary of 27 Noise Gun Measurements, Higgin’s Lake, Michigan, June 14, 2003

The Higgin’s Lake tests (Fig. 18) show that the boat’s onentation relative to the
observer and muffler condition are important to the results. For the unmuffled peak dataset,
the mean is 96.5 dB and the standard deviation is 1.6 dB. For the muffled peak dataset, the
mean is 86.7 dB and the standard deviation is 2.16 dB. For the unmuffled broadside dataset,
the mean is 89.4 dB and the standard deviation is 0.54 dB. For the muffled broadside dataset,
the mean is 79.5 dB and the standard deviation is 2.1 dB. In spite of 10-15 mph wind noise on
the microphone, the device was able to make measurements over a wide range of distances

with accuracy of better than +/- 2 dB.
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The dB decay for the doubling of distance x; used by the Boat Noise Gun is 5 dB.

This best estimate was derived from the NMMA study results. Since the exact optimal x; is

unknown, this parameter for the Higgin’s Lake raw data was varied to determine the value of

x4 yielding the lowest standard deviation in the distance corrected data for each dataset. For
each dataset, x; was varied from -3 to 9 dB and the standard deviation of each set was

plotted. The lowest standard deviation for each dataset is the optimal decay rate x4 for that

test case.

unmuffled, broadside |

~-muffled, broadside

6

5 unmuffled, peak
4 _ —muffled, peak L
3

2

Figure 19: Lake Test data with the dB decay level altered

The best fit decay rate x4 (Figure 19) was different for each of four test cases. When

the observer faced the broadside of the boat, the optimal x; was at about 4.5 dB (unmuffled)



and 9 dB (muffled). When a peak measurement was taken, and the rear of the boat was visible

to the observer, the data shows that the optimal x; was at about 1.5 dB (unmuffled), and at

—0.7 dB (muffled). One hypothesis for these results is that the engine produces a plane wave
coming off the back of the boat, and this wave spreads out around the comer of the boat.
This would result in plane wave behavior observed from the back of the boat (peak
measurement), and a spherical propagation pattern when viewing the side of the boat
(broadside measurement).

The broadside vs. peak sound propagation pattern is shown by resolving the 4 cases

into 2 cases. The RMS of the standard deviation of the peak cases is computed as

_ (SD peak,muffled )2 + (SD peak ,unmuffled )2
SD peak =

- (35)

Similarly for the broadside cases

(36)

(SDbroadside.muﬂZed )2 + (SDbroadside.unmuﬁ‘Ied )2
SDproadside = >
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Figure 20: dB decay level altered for 2 cases

Figure 19 confirms that the two cases are separate. For the Peak dataset, the ideal x4 is

very close to 0 dB. This correlates with plane waves. The Broadside dataset has an ideal x

of about 5.5 dB. This correlates well with the 6 dB of spherical propagation. More data needs
to be taken to determine if there are only 2 cases or if the propagation pattern varies radially

around the boat.
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Chapter 6

CONCLUSION

This project has created the Boat Noise Gun to meet the requirements of a
directionally dependent noise measurement that is distance independent. The challenges of
background and distance compensation have been solved, and these corrections have been
implemented in a way that allows changes to be made easily. Functionally, the device makes a
background noise measurement, a directional noise measurement, and a distance
measurement. From these three pieces of data it constructs an estimate of the loudness of the
boat at a standard distance of 50 feet away.

Knowledge of the sound propagation pattern for boats is critical to the future
development of the device. The sound propagation pattern affects the distance correction. In
this research we have had initial indications that this decay value is dependent on the vantage
point of the observer relative to the boat. Determining this propagation pattern is crucial.

This propagation affect greatly changes the design parameters of the Boat Noise Gun.

If x; depends on odentation of the observer to the boat, then that information would also

have to be sensed for a distance cotrection to be made. If this difference can be resolved to a
simple change between peak and broadside measurements, then a switch could be
incorporated into the device to change the operational mode (x4 of 0 or 6 dB). If the
propagation pattern changes radially around the boat a measurement of the angle of the
observer to the boat would have to be made.

The Boat Noise gun was successful in conducting directionally dependent distance

independent noise measurements. In the process of this work questions about the propagation

43



pattern of boats were raised. The Boat Noise gun, with its combination of a distance
measurement and a sound measurement, provides the tool to make the tests necessary to
measure the propagation pattern of boats. These tests are not possible without the
simultaneous distance and sound level measurement capability of the MSU Boat Noise Gun.
These tests will facilitate the further development of the Boat Noise gun as a complete law

enforcement tool for use on lakes and beyond.



APPENDICES
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APPENDIX A

Table 3: State Noise Enforcement Standards

Testing Type of
State Allowable dBA |Procedures| Cutouts Violaton |Fines & Penalties
50 ft. from
Alabama 86 vessel Prohibited |Misdemeanor |Minimum of $50
Alaska**
Allowed if
Arizona 86 SAE-J34  |Std. are met|Misdemeanor |$500 Max
Not
Arkansas |N/A Measured |Prohibited |Misdemeanor |$150 Max
Not
86-Mfg. Before Specified $135 & Proof
California [1/76 SAE-]J34  |lllegal Infraction Correct
84-Mfg. After
1/76
82-Mfg. After
1/78
Allowed if |Petty Offense-
Colorado |86 SAE-]34 Stds are met|Class 2 Maximum $ 25.00
Allowed if
86-Mfg. Before Stds. are
Connecticut|{Jan-76 SAE-]34  |met Violation $100-$500
84-Mfg. 1/76-
12/81
Delaware*
Officer Allowed if
D.C. N/A Discretion |Stds are met|Violation Verbal-$50
50ft. from $500 and/or
Florida 90-State Standard |vessel Prohibited |Misdemeanor |60days

80-Broward Cty.




Table 3 (cont’d)

Testing Type of
State Allowable dBA |Procedutes| Cutouts Violation |Fines & Penalties
Georgia 84 SAE-]34  |Prohibited |Misdemeanor [$1,000 or 1 yr.
Hawaii*
$ 300 and/or 30
Idaho 75-Lakes-Reser. |SAE-J1970 |Prohibited |Misdemeanor |days
90-Mfg Before
1/95 SAE-J2005
88-Mfg After
1/95 SAE-J2005
Not
Specified
Illinois 90-Stationary SAE-J2005 [Illegal Misdemeanor |$100-plus
75-Operating SAE-J1970
Officer
Indiana Not Specified Discretion |Prohibited |Infraction $1-$500
Allowed if
Iowa 86 SAE-]34 Stds are met|Misdemeanor [$10-$100
Kansas*
Officer
Kentucky |Not Specified Discretion |Permitted |Violation $15-$100 Plus
No dry
straight
pipes w/o
Officer baffles.
Louisiana  |Not Specified Discretion |Class 1 Violation $50-$150
Prohibited
Officer (except
Maine Not Specified Discretion |[racing) Violation $100-$500
Not
90-Mfg. Before Specified $500-$1000/30
Maryland  |1/93 SAE-J1970 |Illegal Misdemeanor |days
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Table 3 (cont’d)

Testing Type of
State Allowable dBA |Procedures| Cutouts Violation |Fines & Penalties
Massachuse Not
tts Not Specified Measured |Prohibited |Misdemeanor [Less than-$100
Michigan |90-Stationary SAE-J2005 |Prohibited |Misdemeanor |90-days/$100-$500
75-Shoreline SAE-1970
84 Mfg. Before
Minnesota |1/82 Pass-By Prohibited |Misdemeanor |[$100-$700 90 days
82-Mfg.
After1/82 at idle
(decibel adjusted)
Allowed if
Stds. are
Mississippi |86 SAE-]34 |met Misdemeanor |$50-$100
Allowed if
86-Mfg. Before Stds. are
Missouri 1/96 SAE-]34 |met Infraction $100/$200/$300
90-Mfg. Before
1/96 SAE-J2005
Montana |90-Statewide SAE-J2005 |Prohibited |Misdemeanor |$500
75-Shoreline SAE-1970
Not
Nebraska |Not Specified Measured |Prohibited |Misdemeanor |$100
W/B&K $1000&6Mo.
50ft. SAE- ($50)+$25/Court
Nevada 86 34 Prohibited |Misdemeanor |[Cost
New Violation then
Hampshire |82-Mfg. Before 77|SAE-]34  |Prohibited |Misd. $100
84-Mfg. 1/78-  |(Dir. of Safe
12/81 may use)
82-Mfg. After
12/81 SAE-]J2005
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Table 3 (cont’d)

Testing Type of
State Allowable dBA |Procedures| Cutouts Violation |Fines & Penalties
Disorderly

New Jersey |90 SAE-J2005 |Prohibited |Operation $100/$300/$500
New Not
Mexico Not Specified Measured |Prohibited |[Misdemeanor [$500 or 30/days
New York [90 Stationary SAE-J2005 |Prohibited |Violation $50-$250

75 Shoreline SAE-J1970
North County's Officer
Carolina Discretion Discretion [Prohibited [Misdemeanor |$200/plus
North
Dakota*

Not

Municipalities Specified |Minor

Ohio Only Varies Illegal Misdemeanor |$100/plus
Officer

Oklahoma |86 Discreton [Prohibited |Misdemeanor [$100

90-Mfg. Before Class B Court App.-
Oregon 1/93 SAE-]J2005 |Prohibited ]Infraction $350/Max Bail-$99
Pennsylvani {90-Mfg. Before Summary
a 1/93 SAE-]J2005 Off./3rd Deg. |Moor Vessel-$25

88-Mfg. After

1/93 SAE-]34  |Prohibited

82-Using SAE-]34|SAE-]34
Rhode Not
Island Not Specified Measured |[Prohibited {Violation $100

Not

South Officer Specified
Carolina*** [Not Specified Discretion |Illegal Misdemeanor |$50/$100/$200
South Officer Class 2
Dakota Not Specified Discretion |Prohibited |Misdemeanor [$200-Max
Tennessee |86 SAE-]J34 |Prohibited |Misdemeanor |$50-$100
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Table 3 (cont’d)

Testing Type of
State Allowable dBA |Procedures| Cutouts Violation |Fines & Penalties
Not
Not Specified |Class C
Texas Not Specified Measured |Illegal Misdemeanor |$25-$500
90-Mfg. Before Class B $1000 and/or 6-
Utah 1/93 SAE-]J2005 |Prohibited |Misdemeanor |mon.
88-Mfg After1/93|SAE-]2005
75-Shoreline SAE-]J1970
Vermont |82 SAE-]J34 |Prohibited |Civil Violation |$300
Not
Virginia Not Specified Measured |Prohibited |Misdemeanor |$250-Max
Testing
Allowable |Procedur Type of Fines &
State dBA es Cutouts | Violation Penalties
Not
90-Mfg. Before Specified |Infrac. then $100/day
Washington|1/94 SAE-J2005 |Illegal Misdem. Oper/Mfp.
88-Mfg. After
1/94 SAE-]J2005
75-1dle SAE-
West Not
Virginia Not Specified Measured |Prohibited |Not Specified |None
Wisconsin |86 SAE-]34 |Prohibited |Violation $141
Not
Wyoming |Not Specified Measured |Prohibited |Misdemeanor |[$200-Max
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Table 4: Discrete Component Values for Overall Circuit

~10KQ
~10KQ
10KQ
~800Q
10KQ
10KQ
560Q
2.178KQ
6.8KQ
580Q
580Q
1KQ
13 = 1KQ
14 = 6.8KQ
15 = 500KQ
16 = 1KQ

1uF
100uF
2.2 uF
0.1uF
1uF
0.1uF
1uF

—t wd b
N2O0OOCONONHWN =
T T O O O | O O T R T R
(oNoNoNoNoNoNe
NoobswN =
(L 1 T | R T

VDDV IIIVDIDIDIDIVIIDIIDID

52



APPENDIX C

Basic Stamp Code

'Variable Definintions/Initialization
'‘Digital Sound Meter Code
'{$STAMP BS2)} 'This Program is for the BS2 microprocessor

'7 segment LED

Dpin CON 7 'data pin (MAX7219.1)
Clock CON 5 'clock pin (MAX7219.13)
Load CON 6 'load pin (MAX7219.12)
'Status LED

LEDHIGH CON 11

LEDLOW con 10

‘Character LCD

LCD CON 0

'A/D Converter

CS con 13

CLK con 14

DO con 15

Rangefinder con 8

RangefinderL con 9

'LED Constants

Decode CON $09 ' bcd decode register

Brite CON $0A ' intensity register

Scan CON $OB ' scan limit register
ShutDn CON $0C * shutdown register (1 = on)
Test CON $OF ' display test mode

DecPnt CON %10000000

Blank CON %1111 ' blank a digit

Yes CON 1

ON CON 1

No CON O

OFF CON 0

'Calculation/Results Variables

AD_Number VAR byte 'Number recorded from AD Converter
Contour_Data VAR word 'Distance before decimal
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Contour_DataB VAR

dB_at_obs
sign
dB_at_50ft
AD_16_Times
Ambient_dB

VAR
var
VAR
VAR
VAR

baud4800 con 16572

nib 'Distance after decimal

word 'dB level at the observer
dB_at_obs.bitl5

word ‘Calculated dB level at 50 feet
word '16 AD Conversions Added up
word '‘Ambient level dB stored here

'7 segment LED scratch variables

digit
d7219
index
idxodd
odd

VAR

Seven_Segment VAR

Nib ' display digit

Byte ' data for MAX7219

Nib ' loop counter
index.Bit0 ' is index odd? (1 = yes)

index.bit0

bit

Lsb of index.

'‘Log calculation scratch variables

word
x.bitl5s
word
x2.bitl5
word
lgx.bit0
bit

nib

nib
word
1lg.byte0
word

for processing the number

high bit of x, note alias

for squaring the number

high bit of x2, note alias

will be the 1lg (base 2) of y, the mantissa
lowest bit of 1lgx, for bit addressing
temporary bit

loop and array index

characteristic of the 1lg

to hold the log base 2

for table lookup, array of bytes

to hold the log base 10

' the maximum value of dB_Difference, 0<= AD_16_Times

X var
xf var
x2 var
x2f var
lgx var
1gx0 var
bitk var
k var
cc var
1g var
1g0 var
log var
Z con 500
<Z

' make this
L con 125
o con 4

M con 16384

an exact power of 2.
' the number of intervals in the table
' Z/Lthe width of catagories of AD_16_Times
' 65536/0 for the interpolation formula

‘Ambient Correction Data

table data

word
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data

44444

word 26934
word 21111
word 17786
word 15482
word 13737
word 12344
word 11196
word 10224
word 9388

word 8658

word 8015

word 7441

word 6927

word 6463

word 6041

word 5657

word 5305

word 4982

word 4685

word 4410

word 4155

word 3918

word 3698

54



data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data
data

word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
word
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data word 160
data word 152
data word 145
data word 139
data word 132
data word 126
data word 121
data word 115
data word 110
data word 105
data word 100
data word 96
data word 91
data word 87
data word 83
data word 80
data word 76
data word 73

data word 69
data word 66
data word 63
data word 60
data word 58
data word 55
data word 52
data word 50

data word 48
data word 46
data word 44
data word 42
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