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FOREWORD 

Following a 'Congressional mandate* to develop new and im~ffgced techniques) systems, 
and equipment to strengthen law enforcement and criminal justic~; the National Institute of 
Law Enfo.rcemelit and Criminal Justice (NILECJ) has established the Law Enforcement 
Standards Laboratory (LESL) at the National Bureau of Standards; LESt's func(l"n is to con­
duct research that will assist law enforcement and criminal justice agencies in the selection 
and procurement of quality equipment. . 

In response to priorities established by NILECJ, LESL is (1) sUbjecting existing equip­
ment to laboratory testing'~nd evaluation and (2) cond@ting research leading to the develop­
ment of several series of docUments, including national voluntary equipment standards, user 
guidelines, state-of·the-art surveys and other reports. ' 

This document, LESP-RPT"::OS02.00, Summary Report on Emergency Vehicle Sirens, is 
a law enforcement equipment report prepared by LESL and approved and issued by NILECl. 
Additional reports as well as other documents will be issued under the LESLprogram in the 
areas of protective equipment, communications equipment, security systems, weapons, 
emergency equipment, investigative aids, vehicles, and clothing. 

Technical comments and suggestions concerning the subJect matter of this report are 
invited from aU interested parties. Comments should be addressed to the Program Manager 
for Standards, National Institute of Law Enforcement and Criminal Justice, Law Enforcement 
Assistance Administration, U.S. Department of Justice, Washington, D.C. 20531. 

Lester D. Shubin 
Manager, Stand ards Program 
National Institute of Law 

Enforcement and Criminal Justice 

"'Section 402(b) of the Omnibus Crime Control and Safe Streets Act of 1968. as amended. 

v 



ABSTRACT 

. . 1 I'ng 23 test automobiles four electronic sirens and nine A test program mvo v ., f h 
electromecM~.1,ical sirens has been com~let:d .. Mea~urements have been made. 0 t e 
directional ra.diation pa{tern and spectral dlstrlbutlOn (I.e., S.PL vs. frequency) ofthe SIren~: of 
the field ins~~Hon loss (s~und attenuation) of the automobtles whe~ closed, of the mas mg 

. • 1 the' automobiles while being driven over a test route of four different segments, and of 
. ~~~se ~ase cancellation pattern due to reflection for an elec~ronic siren. ~easurem.ents of 
dire~tional response were made also for a pair of electronic suen speakers lU three dl~ferent 
arran ements. The directional response and sound power measuremen~s were made In the 
labor:tory in an anechoic chamber. The other measurements were made ill t?e field. The d~ta 
are presented and implications of the results regarding the effica~y of the slre~ as a w~rm~g 
device on an emergency vehicle are discussed. Th: .ne~esslty for making sUbjective 
psychoacoustic tests as a supplement to this test program IS mdlcated. 

vi 

I ,I , 

SUMMARY REPORT ON EMERGENCY 
VEHICLE SIRENS 

1. INTRODUCTION 
. . 

The Law Enforcement Standards Laboratory of the National Bureau of Standards, under 
the sponsorship of the Law Enforcement Assistance Adminis.tration, Department of Justice, 
has conducted a research program to develop standards fOt'>yehicle emergency warning 
devices. including sirens and warning lights. The program '~a:s designed to identify and 
"quantify" the physical parameters of the vehicle emergency warning devices and to deter­
mine,the effectiveness of the siren and warning lights systems in enabling police personnel to 
perform their duties with efficiency and safety. The approach taken was that of determining 
the current state-of-the-art by compiling available information, and developing, through 
objective and subjective tests, further technical information describing the devices and deter­
mining signal effectiveness. leading to the goal of improved performance standards for the 
devices. 

The performance standard for sirens, "NILECJ Standard for Emergency Vehicle Sirens," 
has been completed. It is the purpose of this report to serve as a background document for the 
siren standard, to discuss th0 test programs briefly and present the results, and to present 
conclu!sions concerning tile e:."fectiveness of sirens and recommendations for optimizing 
existing systems. 

2. TEST PROGRAM 

The test program was designed to provide information on the characteristics of· 
emergency vehicle sirens and on the effectiveness of the signals. The program included the 
determination of the directional response and sound power level of the sirens, the 
measurement of the signal attenuation due to the sound insulating qualities of the subject 
ve1.Iicles (i.e., vehicles in which it is desired that the siren sound be heard; hereinafter, these 
wiH be referred to as just livehicles"), the measurement of the masking noise inside the 
passenger space of the vehicle, and determination of the effects of reflections from the ground 
on the signal received. 

By combining all of the measured parameters, an estimate can be made of the effective 
audibility of the siren signal. Directional response and sound power measurements are used to 
predict the sound pressure level at any distance and position in the horizontal plane of the 
siren relative to the source, the attenuation characteristics of the vehicle are used to predict the 
sound pressure level of the siren inside the vehicle, and the operating ot masking noise level 
characteristic of the vehicle are used to determine whether the siren signal level is intense 
enough to be heard. The effects of reflections from the ground on the propagated· signal wc;:re 
studied to show how the sound level of the siren can be reduced as a result of destructive. 
interference between the direct and reflected signals. 

Calibrations of aU sOllnd measuring systems Were made periodically with a pistonphone 
that produced a 124·dB sound pressure level (re 20 JlNm-2

) at a frequency of2S0 Hz. 
The several parts of the test program are described in the fonowing four subsections. 

1 
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2.1. Directional Response and Sound Power Level of Sirens 

The directional response and sound power level measurements were made in the large 
anechoic chamber located in the Sound Building at the National Bureau of Standards. Each 
siren was placed on a rotating test stand and I rotated through 3600 at a rotational speed of 
6.25°/sec. while the sound pressure level generated. as a function of time was measured for 
each V3.octave band of frequency. The distance from the siren or speaker to the microphone 
was 2 meters. . 

When a warning device consists of two electronic siren speakers placed side by side or one 
in front of the other and one signal generating source is used, there are effects on the angular 
distribution of the ,intensity of the resultant signal propagated, due to phase cancellations 
between the two speaker signals. In ord~l:\to,€)if<t~ilt9these destructive interference patterns, a 
pair of speakers were mounted side byside\\ifHfaseparation of 0.61 meter. The speakers were 
connected successively in phase and out of phase to an electrical input. 'I'he two speakers were 
then lined up front,to back with the same separation of 0.61 meter. The electrical signal to the 
front speaker was delayed by 1.82 milliseconds in order that the signals prop~tgated from the 
two speakerS in the forward direction be in phase. This would be expe~tedto improve the 
range of the warnitig signal propagated ahead of the vehicle. 

The acoustic signal was measured sequentially at locations in six planes as shown in 
Figure 1. Positions 1 through 5 were used to compute the total sound power level. while 
position 6 was used to compute the directional response characteristic in the horizontalplane. 
The microphone signal was analyzed by a real-time (V:J-octave band frequency) analyzer (RTA) 
which was sampled every 0.8 second by a minicomputer. The digitally recorded data were thlen 
analyzed directly by computer. 

The electronic siren speakers were excited by a pulse train input signal of known ,am­
plitude. In addition to an analysis of the siren output, the signal driving the siren speakers was 
analyzed for frequency and power output while loaded by the siren speaker. 

The electromechanical sirens, which generate a signal by an airstream blown through 
motor-driven impeller blades, could be analyzed only at the sound pr~ssure level and frequen­
cies which the sirens generated at the maximum motor rpm when powered by an automobile 
battery. 

2.2 Field Insertion loss Measurements 

Measurements of the attenuation of exterior sounds due to the sound-insulating qualities 
of closed vehicles were made over a paved surface in an open area at the National Bureau of 
Standards in Gaithersburg, Maryland. Twenty-three automobiles were lent to NBS through 
the generous cooperation of automobile dealers in the local area. These automobiles are listed 
in Appendix A. Except as otherwise indicated, they were 1973 model automobiles. 

A signal.generator which produced wide band "pink noise" (random noise filtered 
through a network which weights peak levels at -3 dB per octave, i.e., equal division of 
power/octave) was connected through an amplifier to a loudspeaker, which served as the ex­
ternal noise source. A measuring microphone was positioned 18 meters from the speaker. The 
microphone was connected through a preamplifier to a real-time (%-octave band frequency) 
analyzer (RTA) from which the sound pressure level, Lp, could be read as a function of 
frequency. 

Two sets of measurements were made. For each automobile, one set of measurements was 
made at a fixed position relative to the loudspeaker in the absence of the automobile. The 
other set of measurements was made with the microphone inside the automobile at the same 
location with respect to,Jhe loudspeaker. The microphone was mounted on the he,ad rest. on 
the ddver's side ofthe ft;ont se4t at a location just behind the position for the tight ear of the 
driver. We have defined:the differel~ce hetween the two measurements as the field insertion 
loss due to attenuation by the automobile. 

Four orthogonal orientations of the automobile with respect to the speaker were used. 
The orientations will be referred to as "front," "rear," "left side" and "right side," which in-
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FJGURE l.-Test Set-un For Sound n d D: • . 
.... ,-ower an lrectlOno,hty Measurements. Planes 1-5 Used to Determine Sound 

Power. Plane 6 Used to Determine Directional Response in Horizontal Plane. 

t~!~afht:~~:'::~i~~~:r ~i!:~!~a:~t~::~l;r~~:!::~:~e:~a:~::~e:~O~~::~T ~i:tnteaatcihon for 
er requency from 80 to 8000 H 'th th . . cen­

field im~ertion 10 . z, DW1 ~ nOIse .. source on. For possible use in correcting the 

;::~~f~;I~i~C:~~t~~do~r;r.. ~Ji~~!~t ~~!e~~:~:'~!i~:;;~~1~!~::~:~ir:;~!; 
o e expec e uncertamty In the measurement of L . 

larger ~orrections ,;ere at .band center frequencies of 80 to 100 Hta!~~~~t~1d ~~ dB (the 
correctIon. for ~mbl~nt nOIse was made tothe data reported here. Igher), no 

on) ;;~e f1eldt~sertlOndoss, FIL, is defined as the difference, in decibels (with the noise source 
auto;o:~:n e soun pressure 1evel observed at the, microphon~ ,ip the absence of the 

(L ) c. ' (1h ~~.tt and the sOllnd pressure level observed:at the microphone ill the automo1:S ,/ 
pint) lor eac 73-octave band,.· ' ... , IL,. 

FIL=(Lp)ext- (Lp)int (1) 

The FIL for a typical closed automobile for the "front" and "rear" orient f . I d 
Yl-octave band graph paper in Figure 2. a IOns IS p otte on a 

To indicate the trend of FIL with frequency and to provide a quantitative description of 
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FIOUHE 2.-Insertion Loss for Front and Rear Orientations ,of a Typical Automobile. Dashed Lines are Least Square 
Fit LiMS of Regressl.on. See Table 1. 

the trend, the FIL data were fitted by the method of linear least squares to a line of regression 
with an equation ofthe form 

FIL=m(N -19)+b, (2) 

b E (2) . der. a simple means of estimating the FIL 
where Nd

iS ~he :-~Ct~V;r~q~:n~;;h~ ~-~~tav:~~~d :en. tel' frequency is given approximates lOY 
at some eme ce • b' th I lated FIL at N 19-0 i e at 
by 10r-vlO. m is the slop~ in dB ~et>-'h-o~t:V~::~at:sOf ;hca~;~of the mean insertio~ 1~~~ with 
Hz. Therefore, three tlmes m 1S I,qua, ,0 hown on the plots are the regression Hnes. As an 
frequency (dB per octfwe). T(h e)daSdhe: Imes ~ 'f ne chooses 1000 Hz as a reference. center . 
exanlple of the use of Eq. ~ art 19ure, 1 0 " 
frequency, th~ estimated FIL IS . 

FIL1ooo:=b+m(30-19)=b+llm, (3) 

since 1000 lli. is the cendter .fr~q~:~I~f ~;~::~~ ~:;:a~~~~:~e3~;-octave bands for the group 
The maX1mum an mmlm f. . Fi ure 3 The FIL 

Qf 23 :automobiles for the IIrear" orientation are plotted versus requency mg. 
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FlOURE 3.-Maxima aild Minima Measured TransII)ission Loss for Twenty-three Test Automobiles and Insertion 
Loss for a Luxury Domestic Automobile (A) and for a Small Imported Economy Automobile (.), Rear Orientation. 

for the "rear" orientation for a luxury domestic automobile and for a small imported 
automobile are plotted also for comparison. The regtession lines plotted on the 
maximum/minimum plot could be used as representations of the field insertion loss for the 
"best!> and "worst" cases for the group of automobiles for the "rear" orientation. 

The values of the regression line par,ameters and the calculated FIL at the band center 
frequency of 1000 Hz are summarized in Table 1. 

2.3. Masking Noise Measurements 

The masking noise measurements were made while each of the twenty-three test 
automobiles was being driven over a route between the vicinity of the National Bureau of 
Standards in Gaithersburg, Maryland and Bethesda, Maryland. The route provjdeda,yarJ.~­
iy of road environments, from that of an interstate highway to that of a main avenue hi ali. 
urban area. 

The route consisted of the following segments: 

1. Interstate highway, at speed of 60 miles per hour. 
2. Four-lane highway bord~ted by shopping areas, restaurants, at speeds between 25 and 

3S miles per hour except for stops at traffic lights, etc. 
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3. Four-lane highway bordered by less commercial activity than that of segment 2, 
at same speeds as those far segment 2, 

4. Four-lane avenue through urban Bethesda, at same speeds as those for segments 
2 and 3. 

The windows of the automobiles were closed a"ld the air conditioning units were off for the 
first traverse of the four segments. In runs 5 through 8, the order of ddving over segments 1 
through 4 was reversed, with the windows closed and the air conditioning units on with the fan 
at high speed. 

The masking noise measurements were made using a microphone mounted on the head 
rest on the driver's side of the front seat, at a location behind the right ear of the driver. The 
microphone was connected through an amplifier to a tape recorder. For analysis of the data, 
the tape system was connected through a real-time (1!3-octave band) analyzer (RTA) which was 
digitized by means of a mini -computer. Final processing of the data was done on a large-scale 
computer. 

TIle data acquisit~on runs consisted of a 21/l-minute recording for each of the eight, runs. 
The mini-computer sampled the output of the RT A at O.8-secand intervals and wrote the 
sound pressure level, in digital form, 011 magnetic tape for each ¥a-octave band with center fre­
quencyfrom 80 to 8000Hz. 

Having determined (Appendix B) that the arithmetic mean sound pressure level for each 
run is more nearly representative of a range of levels than the sound pressure level extracted 
from the arithmetic mean of the ratios of the mean-square sound pressures to the square of the 
reference pressure, (Po=20~Nm-l), we computed the arithmetic mean sound pressure level and 
the standard deviation for each run. In Figure 4, the arithmetic mean sound pressure level is 
plotted against frequency for a typical automobile traveling over route segments 7 and 8. The 
data plotted for the apparent linear region of each pIot were fitted by the method of linear 
'least squares to a line of regression of the form 

~=m'(N -19)+b', (4) 

where ~ is the level of the masking noise, N is the YJ-octave band number, m' is the slope in 
dB per i/3-octave and b' is the calculated LM at 80 Hz. This procedure for fitting the masking 
noise data by the method of linear least squares is similar to that used in the treatment of the 
insertion loss data in the preceding section. The values ofthe regression libe parameters and 
the highest frequency on the linear portion of the plot, f(max), for the test automobiles are 
summarized in Table 2. 

2.4. Measurements of Phase Cancellation Due tc Gll'OlUnd Reflection 

Measurements of phase-cancellation due to ground reflection were made over paved sur­
faces at Camp A.P. Hill near Fredricksburg. Va. and at the National Bureau of Standards at 
Gaithersburg. Md. At Camp A.P. Hill, an electronic siren was mounted at a typical "in ser­
vice" location on the center of a test bracket on the roof of an automobile. The centerline of 

. the siren horn was approximately 1.5 meters above the road .urface. Two measuring 
microphones were placed in the center of the road at heights of 1.2 meters and 2.1 meters 
above the paved surface. 

The'siren was excited at. the frequency and amplitude for which its output was maximum 
and was held steady at this amplitude and frequency within the tolerances of the siren system. 
Calibrated tape recordings were made at the distances from 122 meters to 8 meters between 
the siren and the microphones. The arrangement is shown in Figure 5. Smaller increments in 
distance were taken near points where phase canceIIations were calculated as likely to occur. 

The recorded data were then analyzed using the real-time analyzer and a minicomputer, 
The test results are compared with the results oftheoretical calculations in section 3.3. 

Additional measurements oftne distribution of sound from the siren were made at NBS. 
The electronic siren was mounted at a height of 1.5 meters on a test stand and a microphone 
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TABLE 2. Summary of Masking Noise Level Parameters 

Auto Para- .Route Segment 
meter 1 2 3 " .ifi~~S:,,_ 5 6 7 8 

1 b:t:t 71 66 69 '-:.- 69 69 72 
ro'" -1.41 -2.50 -1.70 -2.23 -1.86 -1.59 fcCmax) 3 1600 315 800 500 300 2000 

2 b' 82 .82 75 84 84 nr -1.87 -1.74 -2.06 -1.60 -1.72 
fc(max) 1000 1000 500 2500 5000 

3 b' 73 69 72 74 74 75 72 73 
ro' -1.60 -2.44 -2.47 -2.82 -1.80 -2.21 -1.72 -2.25 
fcCmax) 2006 500 500 500 2000 800 1600 1600 

4 b' 81 78 79 74 78 80 80 83 m' -2.01 ,--2.38 -2.20 -2.43 -1,70 -1.82 -1.79 -1.79 
fcCmax) 800 500 500 315 800 800 800 1000 

5 he 74 71 73 76 
nr'· -1.84 -2.40 -1.44 -1.39 
fc(max) 630 500 1250 4000 

6 b' .15. 70 73 70 75 76 72 71 
m' -2.26 -2.26 -2,45 -2.47 -1.62 -1.61 -1.69 -1,45 
fc(max-) 500 500 500 500 800 800 800 800 

7 b' 72 65 70 68 72 69 76 
ro' -1.47 -1.89 -2.32 -2.26 -1.46 -1.32 -1.46 
fcCmax) 2500 500 500 SOD 2500 2500 2500 

8 b' 75 74 75 75 
m' -1.83 -1.77 -1.83 -1.6. 
fc(max) 800 800 800 1250 

2 Intercept, calculated masking noise lever (in dB) at 80 Hz. 
2 Slope, masking noise level in dB per Ys octave. 
3 Maximum center frequency on linear portion of plot. 
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TABLE 2. Summary ojMasking Noise Level Parameters.~Cont. 

Auto 
Para- Route Segme~t 

meter 2 3 4 5 6 7 8 

9 b' 69 66 70 67 68 69 69 72 

m' -1.77 -2.14 -2.38 -2.16 -1.75 -1.68 -1.78 -1.26 

fc(max) 800 500 500 500 800 2000 800 - 3150 

10 b' 71 67 68 67 70 72 70 73 

m' -1.30 -1.74 -1.38 -2.81 -1.33 -1.38 -1.29 -1.32 

fc(max) . 2000 1000 2000 315 2500 3150 2500 5000 

11 b' 80 77 70 65 67 71 70 81 
, -2.02 -2.43 -2.56 -2.71 -1.86 -2.12 -3.26 -1.79 

m 
fc(max) 2500 1250 500 250 630 630 200 5000 

~ 12 b' 75 71 73 71 71 76 73 75 
Q 

m 
, -2.22 -2.64 -2.16 -2.40 -2.33 -2.41 -2.50 -1.78 

fc(max) 630 400 630 800 400 500 400 2500 

13 b' 71 66 69 66 69 71 69 69 

m' -1.69 -2.47 -2.28 -2.77 -1.68 -1.80 -1.65 ~1.26 

fc(max) 800 250 SOD 250 1000 800 800 2000 

14 b' 75 70 70 70 71 72 72 

m 
, -1.67 -2.07 -1.98 -1.87 -1.85 -1.95 -1.56 

fc(max) 2000 630 630 630 800 800 2500 

15 b' 82 70 79 74 77 80 78 81 

m' -1.81 -2.29 -2.09 -2.18 -2.22 -2.38 -2.35 -1.81 

fc(max) 5000 500 2000 1250 800 800 800 2500 

16 b' 84 83 74 80 78 74 74 

m 
, -2.19 -1.99 -2.54 -2.03 -2.60 -lA8 -1.56 

fc(max) 3150 2000 630 630 400 500 630 

\;-
'~r~1IiO.1..,;4;;;;:Z:S:;;:Z;$4i!~;;::tliiIZ;;~;";:;::;:;:;;e ., ;;: 

17 b' 73 76 77 66 69 72 68 74 
m 

, 
-1.92 -2.0S -2.44 -2.12 -1.90 -2.04 - -2.19 -1.81 

fc(max) 500 500 400 400 SOO 500 500 500 

18 b'l 78 80 81 73 70 77 74 73 
m'2 -1.72 -1.77 -2.80 -2.12 -2.16 -1.97 -2.50 -1.86 

fc(max)3 2000 2500 315 1000 SOD 2000 800 630 

19 b' 73 72 67 70 67 73 74 68 
m 

, 
-1.36 -2.55 -2.19 -2.19 -2.44 -1.23 -1.23 -2.43 

fc(max) 8000 500 400 500 400 2000 2500 315 

20 b' 84 70 77 78 79 81 77 84 
m 

I -1.84 -1.79 -1.76 -1.93 -1.99 -2.16 -1.83 -1.76 
fc(max) 5000 1250 630 800 630 800 800 2000 

21 b' 84 75 77 76 74 76 71 83 
m 

I -2.05 -1.90 -1.92 -2.08 -1.32 -1.37 -1.46 -1.84 
l-' fc(max) 4000 1500 2500 1600 2500 2500 2000 2500 l-' 

22 hi 74 71 73 68 71 73 71 75 
m' -1.61 -2.43 -2.10 -2.23 -1.86 ":""1.68 -1.78 -1.55 

fc(max) 2500 .500 800 250 630 2000 800 2500 

23 h' 77 69 74 71 73 76 72 76 
m 

, 
-1.68 -1.78 -1.77 -1.83 -1.94 -1.70 -1.86 -1.42 

fimax) 2500 800 2000 800 1000 2500 800 3150 

1 Intercept, calculated masking noise level (in dB) at 80 Hz. 
2 Slope, masking noise level in dB per Y.J octave. 
3 Maximum center frequency on linear portion of plot. 
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. FIGURE 5:~Phase\Cancellation Mea~uremellt Arrangement at Camp A.P. Hill. 

3. DATA ANALYSIS 

3.1. Directional Response 

The directivity factor of a source of sound can be defined as the ratio of the sound 
pressure squared (pl), at some fixed distance (r) along the principal axis of radiation, to the 
mean-square sound pressure (pl) at the same distance averaged over a hypothetical sphere 
with its center at the effective acoustic center of the source. The directional response charac­
teristic, DR, in decibels, can be formed by the following equation; 

(5) 

e is the angle in the horizontal plane (azimuth) between a given direction and the pri\1cipai 
. (axis of the sound source; ~ is the angle from the vertical (co-latitude) to a given direction. In' 
the case of sirens, the region of particular interest is the horizontal plane, for which ~=Y2, and 
this angle can be omitt.ed from the following equations. 

The Directional Response characteristic can be expressed in terms of the quantities 
measured in an anechoic chamber. 

where 

Lp(r,e) is the sound pressure level at a distance, r, from the source angle e with respect to 
its principal axis. 

Lw is the sound power level of the source. 
The sound power level is determined from Lp(r), the mean sound pressure level taken over 

a sphere of radius, r, as follows: 

Lw=Lp -(rH 10 loglO (4nr), (7) 

substituting into equation 6, obtaining 

DR(e)=L~(r,e) - Lp(r), (8) 

which is equivalent to equation S. By writing r for ro in equation (7) and substituting into 
equation (6), the sound pressure level Lp(r,e) at any distance and orientation in the plane of the 
source can be estimated by knowing the DR and the mean sound pressure level at & distance, 
ro, from the source. 

11, (r,e)=DR(eH11, -(ro)-20 log (r/r
o

) (9) 

This equation assumes far-field conditions. Our measurements were of necessity made at 
a distance of 2 meters from the sound sources. However, we verified that increasing the 
dista.nce of measurement to 4 meters where it was feasible reduced the sound pressure level at 
the frequencies used in the measurement by 6 dB. 

Directivity and power spectra data were obtained for the four electronic sirens and nine 
electromechanicai sirens tested using the measurement procedures described in section 2.1. 
The mean sound pressure level at a distance of 2 meters for 1/J-octave bands of center fre­
quencies 250, 500, 1000, 2000, 4000, and 8000 Hz for the four electronic sirens operated at the. 
indicated siren functions, "wail", "yelp", and "hi-Io", along with A-weighted and linear 
sound power leveis are listed in Table 3. The mean sound pressure level at a distance of 2 
meters for the six center frequencies for the "wail" function for the electronic. sirens is plotted 
in Figure 6. The DR daj~' measured for the electronic sirens are listed in Table 4. The DR is 
tabulated for three directipns with respect to the apparent acoustical axis of the siren in the 
horizontal plane: 0°, along the axis: 45° to the left of the axis facingforw~~4; and 45° to the 
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FIGURE 6.-Mean Sound Pressure Level at a Distance of Two Meters for the "Wail" Function for Four Electronic 
Sirens in an Anechoic Chamber. See Table 3. 

right of the axis facing forward. Also the minimum (most negative) and the maximum (most 
positive) values of DR are tabulated. Polar plots for one of the electronic sirens are presented 
in Figure 7. 

In the frequency range of perhaps greatest interest, 500, 1000, and 2000 Hz, the 
difference in DR between the 00 direction and the ±'~5° directions exceeded ±10 dB (rounded 
to the nearest whole dB) in two cases (the difference was 12 dB in each of the two cases). For 
the center frequencies 500 and 1000 Hz the difference in DR exceeded ±S dB in only two cases. 

The mean sound pressure level at a di~tance of 2 meters at the maximum RPM generated 
by each of the nine electromechanical sirens at appropriate center frequencies are tabulated in 
Table S. The DR values also are tabulated in Table S. In the frequency range SOO, 1000 and 
2000 Hz the difference in DR between the 00 direction and the ±4So directions exceeded ±10 
dB in six cases. For the center frequencies 500 and 1000 Hz the difference in DR exceeded ±S 
dB in only one case. DR plots for one of the electromechanical sirens are presented in Figure 8. 

3.1.1, Two-Loudspeaker Configuration 

In an effort to increase the power and control the directivity of the siren system, the sim­
plestimprovement one might make is to use tw,o li~¢ sirens (or two like loudspeakers, where an 
electronic driving source.is used). 

The DR data for the pair of electronic speakers in the three test configurations (side-by­
side,connected in phase"sicle-by-side connected out of phase, and arranged one behind the 
otller with the signalfromthe front speaker delayed) are listed in Table 6. PR'P1'i:ltsfor th.~t"[o 
speakers mounted side~by-side and driven in phase are presented in Figure 9, al1d as'dHven 
out of phase, in Figure~10. . . 
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FiGURE 7 (continued).-Directionality Plots for an Electronic Siren. See Table 4. 
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1n the mounting of the loudspeakers front-to-back they were driven so that the effects of 
their displacements added. In order to produce the effect of a single source in the forward 
direction with an approximately cardioid directivity pattern, a phase-delay was introduced to 
compensate for the forward displacement ofthe front-facing speaker. 

The improvement in directivity: ~ shown in Figure 11 for the frequencies of 1000 and 2000 
Hz, which are in the region most important for hearing, 

3.2. Masking Noise and Insertion loss 

A t the outset of this discussion of masking the following quotation from a paper by Har­
vey Fletcher l concisely defines the phenomenon: 

"Whenever one sound is being heard it reduces the ability of the listener to hear another sound. 
This phenomenon is called masking. In testing the masking properties of ~ sound usually pUl:e tones are 
used as the masked sound. The number of decibels that the threshold level of a pure tone is shifted due 
to the presence o£the noise is called the masking M at the frequency corresponding to that of a pure 
tone." 

The threshold of hearing or the threshold of audibility at any particular frequency is the 
acoustic intensity which can be barely detected at that frequencyl. 

Another way of expressing the effect of masking noise is that a sound signal in the presen­
ce of masking noise has a lower equivalent loudness than that of the same signal in the absence 
ofnoise3

• CorIiss4 has developed a procedure for estimating masking and equivalent loudness 
r;'a sinusoidal source in the presence of steady-state "random noise". Corliss and Jones5 have 
outlined the procedure and its application to audibility of emergency vehicle sirens and the 
recognition of speech. In this section the procedure will be outlined to serve as a demon­
stration of the estimation of effective loudness of a siren signal in the presence of masking 
noise inside a vehicle. 

The masked threshold, Ws' is defined as the power of a sinusoidal signal (tone) of 
frequency t;, which is just at the threshold of perception in the presence of noise (of bandwidth f 
and center frequency fe of power Wn• Ws is the acoustic power at the threshold of hearing for 
the sinusoid in the absence of masking noise. The ratio ofWs to W& can be expressed as 

(10) 

where now Ws is the masked threshold for the detection limit ofO.S probability for a sinusoidal 
signal of frequency fe' in the presence of noise (offrequencyt;,) in a band (Va-octave band, in the 
present case) of bandwidth Af, and Q is one of parameters of the ear (with We) needed for the 
estimation of audibility. Q is effectively the ratio of energy stored to energy dissipated just as it 
would be for a resonating tank circuit. The ratio, Ws/Ws can be expressed in decibels as 

10 10glO(Ws/Wo)= 1 0 10g106No/QAfl+ 10 10glO W n/W 0 -10 10glO WsIWo, (11) 

where 10 10glO(Wn/Wo) and 1010glO Ws/Wo are the sound power levels (re: Wo-Io-ll wati) of 
the masking noise and the threshold of hearing in the absence of masking noise at the frequen­
cy, t;" respectively. Two other acoustic powers are required for the estimation procedure. These 
are W: , the sound power (greater than Ws) of a sinusoidal siren signal, and Wv the equivalent 
sound power of the signal in the presence of masking noise. 

Corliss and Joness have developed universal masking function curves which relate 
equivalent sound power level to signal sound power level for constant values of masking sound 
power level (all of these levels are with respect to We). These curves are shown in Figure 12. 

A simple example will illustrate the use of these curves for determining the required 
sound level of a sinusoidal signal to be "heard)) by an observer in the presence of a masking 
noise. Corliss and Joness have suggested that as a convenient criterion the sinusoidal sound, 
e.g., a siren sound in the subject vehicle, must be at least as loud as ordinary speech in order to 
be perceived. At a distance of 1 meter, ordinary close conversation distance, speech ranges 
in level between 65 and 7S dB SPL. In the absence of subjective measurements of equivalent 
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TABLE 5. Directivity Index a'l"d Mean Sound P1'esSU1"e Leve~ at a Distance of T'lVO Meters at the Maxi-
mum Moto?" RPM f01' Electl'.omechanical Sirens. 

Siren Direc- Octave Directivity Index, dB A-
tion Band 250 500 1000 2000 4000 8000 Weighted Linear 

1 0 +4 +9 +7 +6.5 +7 +6.5 
45L +3 -2 -0.5 +2.5 +1.5 +1 
45R +2.5 -3.5 -1 +2 +0.5 +1 
MIN -8 -7 -5.5 -9 -6 -6.5 
MAX +4 +9 +'1 +7 +7 +7 

L-
~ 

111.5 108.5 113.3 110.4 117.8 117.3 

2 0 +4 +8 +8.5 +9 +6.5 +6 
45L +~.5 -15 -0;5 +2 +0.5 +1 
45R +3 -20 -2 -2 +1 +1.5 

t-) MIN -9.5 -20 -8.5 -11 -9 -9.5 0 

MAX +5.5 +8 +8.5 +9 +6.5 +6.5 
L-

p 119.4 114.5 105.9 104.5 120.6 120.8 

3 0 +7 +8.5 +8.5 +7 +7.5 +7.5 
45L +3 -1.5 +3.5 +2.5 +2.5 +2.5 
45R +0.5 +1.5 +2 +2.5 +1 +1 
MIN -16.5 -11.5 -10.5 -9 -10 -10 
MAX +7 +9 +8.5 +7.5 +8 +7.5 

L-
p 

123.0 115.8 110.7 109.8 124.3 124.1 

4 0 +1.5 +1.5 +5.5 
+; .~~~* 

+1.5 +4.5 +3.5 
45L 0 0 +0.5 +1 +0.5 0 
45R +0.5 +1 +4 -3.5~;f +2.5 +2 +2 
MIN -1.5 -2 -13.5 _I'f;3> -7.5 -4 -3.5 
MAX +1.S +1.S +6 +8.5 +8 +5 +4.5 

L-
p 81 108.5 105.6 99.9 94.1 110.6 110.8 

S 0 +2 +8 +8.5 +4.5 +S.5 +5 45L +1.5 +1 +0.5 +2 +1 +1.5 45R +1 -9.5 ; -4 +4.5 +1 -0.5 MIN -3.5 
:>.::' 

-5.5 -S -20L -8 -7.5 MAX +2 +8 
,>-

+8.5 +5 +6 +S.5 L- 116.7 112.6 106.9 100.1 118.4 118.6 p 

6 0 +4 +7 +6 +3 +5 +S 4SL +3 +0.5 0 +1 +2 +2.S 45R +1.S -13.S -0.5 +1.5 +0.5 +1 MIN -6.5 -13.5 -8.S -9.S -6.5 -6.5 MAX +4.5 +7 +8.S +4.5 +6 +5.S L---': 116.1 107.7 108.5 103.3 117.2 117.5 p 

7 0 +3.5 +8 +8 +4 +S.S +S 
4SL +2.S -4.5 -4.5 0 +1 +1 
4SR +2.S -2.5 -1 0 +1 +1.S t..) 
MIN -3.5 -9 -9.5 -9.S -4.5 -4.S 

I-' 

MAX +3.5 +8 +8 +4 +5.5 +5 
L- 116.9 109.7 109.9 106.2 118.4 118.6 p 

8 0 +3 + 1.5 +6 +3 +2.5 +4 +3.S 
4SL +3 +1 +3.5 -1 -2 +2 +1.S 
45R +1.S 0 -2.5 +1 -1 -0.5 -0.5 
MIN -1 -2.5 -12.5 -9 -10 -4 -3 
MAX +3 +2 +7 +7.S +4 +5 +4 

L- 94.1- 116.4 112.0 107.6 105.4 117.7 118.4 p 

9 0 +4 +3 +7 +S +7.5 +6 +5.5 
4SL +3.5 +2.5 -4.S +2.5 -1.S +0.5 +1 
4SR +3 +3.5 -S +1.S +O.S +1 +2 
MIN -5 -7 -8 -13.5 ,;-10 -6.5 -7 
MAX +4 +4 +7.5 +5 +7.5 +6 +5.5 

L- 97.4 117.7 115.5 110.2 109.2 120.2 120.6 p 

.>~ •• 7~ -~."~- '--'"'.-'-''''''' 
F __ ·'~e."", ~'--"r_ ".M ___ ", ... ,", •• ~ ~.~~ , ...... ,~ ,._ .. , • ~.' • 



<;: 

N 
N 

N 
W 

135° 

..-,., 

135° 

90° 45° 

FIGURE 8.-Directionality Plots for an Electromechanical Siren. See Table S . 

FIGURE 8 (continued).-Directionality Plots for an Electromechanical Siren. See Table S. 
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FIGURE 9.-Directionality Plots for Two Electronic Siren Speakers Mounted Side by Side and Connected in Phase. 
See Table 6. 
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FIGURE 9 (continued).-Directionality Plots for Two Electronic Siren Speakers Mounted Side by Side.and in Phase. 
See Table 6. 
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FIGURE lO.-Directionality Plots for Two Electronic Siren Speakers Mounted Side by Side and Connected out of 

Phase. See Table 6. 
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FIGURE 10 (continued).-Directionality Plots for Two Electronic Siren Speakers Mounted Side by Sid.! and Con­
nected out ofPliase. See Table 6. 
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loudness level, let us select 6S dB above the threshold level as the criterion level. Also, left1~ 
take a typical example of noise level in a vehicle as a level of SO dB measured in a Va-octave 
band centered at 1000 Hz. Since sound pressure at a given location is proportional to sound 
power, we can set 10 loglo W/Wo =50 dB and 10 loglo W

L
fWe=6S dB. From equation 11 and 

Table 7, 10 loglo WJWe=-S.S+SO-S=:39.S dB. Using Figure 12, the value for 10log
IO 

W.' fWs 
can be determined to be approximately 68 dB. This is determined by the intersection of the 
criterional equivalent sound power level with reference to threshold of 65 dB and the curve for 
10 loglo WJW~=40 (39.S rounded to 40). Now, from Table 7 we get 

10 loglO(W/ fWo=10 loglO(W,' IWs)+10 'loglo(Ws/Wo
)=68+S=73 dB. 

Therefore, the sound pressure level of a sinusoidal signal at 1000 Hz must be 
approximately 73 dB in the subject vehicle in order to be effectively as loud as the criterion 
level (6S dB) in the presence of a SO-dB background noise in the YJ-octave band of 1000-Hz 
center frequency. ., 

In the process of analyzing the maskingl1.oise data for the t~t automobiles, it became ap-
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parent that the estimated 10 10glO W./ Wo is relatively insensitive to frequency. Consequently, 
it was possible to use an arithmetic mean value of 10 loglo Ws /Wo for each route segment. For 
the 23 test automobiles, values of 10 10glO W; /Wo were calculated using the .~'stimation 
procedure. The calculations were made for the mean values of 10 loglo W, /Wo and a value of 
10 logtO W

L 
/We of 65 dB. Calculations were als() made for values of 10 loglo WJWo of 75 dB 

and 45 dB for comparison. The results are presented in Table 8. 
Having determined the values of 10 loglo W,' /Wo for three values of effedive loudness 

using the interior noise data for the 23 test automobiles, it is possible to deduce the siren signal 
,sound pressure level ~ at the exterior of the vehicles required to. pro~uce a .deSi,red degre~ of 
effective loudness inside the subject vehicle in the presence of mterlor nOise. The reqUired 
siren sound pressure level Lp was calculated using the equation 

~=10IoglO(Ws' /Wo)+1010glO(WoIW)+FI~ (19) 

where FI~ is the maximum value of insertion loss for the individual test vehicle.,FI~ at 1000 
Hz and parameters,to be used for making calculations for other frequencies are listed in Table 
2. Required siren signal sound pressure levels for fo of 1000 Hz for effective loud~ess of65, 75, 
and 45 dB are listed in Table 8 as are required siren signal sound pressure leve\~, for fc o.f 500 
and 2000 Hz and effective loudness of 65 dB. It is se,e\'1 from the table that the required sound 
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TABLE 7. Q~/Jantities ~lsed in the Calculation 'of Masked Th1teshokl Level. 

80 
100 
125 
160 
200 
250 
315 
400 
500 
630 
800 

1000 
1250 
1600 
2000 
2500 
3150 
4000 

1. 10 !og10(W9/Wo) 
dB 

32 
28 
25 
21 
19 
16 
14 
12 
10 

8 
6 
5 
3 
2 
1 
o 

-1 
-2 

10 loglO(71VQ) (fel M) 
dB 

4.0 
3,3 
2.3 
1.0 

-0.3 
-0.5 
-1.1 
-2.2 
-3.9 
-4.5 
-5.1 
-5.5 
-6.0 
-6.3 
-6.5 
-6.6 
-6.7 
-6.5 

pressure leveli:anges from 100 to 108 dB for an effective loudness of 65 dB for an fc of 1000 Hz. 
The level required is relatively independent of frequency (in general increasing by 1 or 2 dB at 
500 Hz and de1creasing by 1 dB or less at 2000 Hz) in the range of frequencies ordinarityused 
for sirens. Eve!n for a very low value of effective loudness, 45 dB re: threshold, the required 
sound pressure! level ranges from 85 to 99 dB. Therefore, for the 23 test automobiles and under 
the specific cor.\ditions of test, the data indicate that in order to a~ssure that a siren signal have 
an effective lotldness of 65 dB in the vehicle in the presence of interior noise, a siren signal 
sound pressure' level of 108 dB in a YJ·octave band of center frequency of 1000 Hz at the 
exterior of the :test vehicle is required. The estimation and calculation procedures could be 
used to arrive mt a value corresponding to any other criterional effective loudness value. It 
should be emphasized that subjective tests are required to determine the validity of the 65-dB 
criterional valu(r or to arrive at a better representative value. 

3.3. Reflectfion of Siren Signal 

Destructiw interference. between the direct and reflected 'signals from a siren 01' other 
source can result in a reduction of the signal sound level at the location of the receiver. Ray 
tracing techniqlJes can be used to estimate the loss of sound signal power between the source 
and receiver duel to destructive interference. It should be emphasized that these techniques 
assume an acol)stical far·field arid a minimum of diffraction, and the conditions are not 
representative IJf the siren/emergency vehicle/subject vehicle system; consequently, the 
calculated results are estimates. In particular, parts of the emergency vehicle are in the near 
fi.eld of the sirerl. Using ray tracing techniques, the difference in level, L, equal to the level of 
the direct plus the reflected signal; LoR, less the level of the direct signal, Lo, is given by 

8L=10 loglo [1+(r/r')2 +2(r/r') cos w(r~-r)] (20) 

for the case of itliterest, for a siren signal of a single pure tone. r is the length ofthe direct path 
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TABLE 8. Calculated Values of 10 [oglo W~' /We and Required' Signal Sound PressureLeJlel. '\ TABLE 8. Calculated Values of 10 [oglO W; /We and Required Signal Sound PressllreLevel. , II I 

1 Required Signal SloundPressure Level, dB I Required Signal Sound Pressure Level, dB " Route ! Auto 
Route 

, ~ I 

,1 
Auto 

Segment 10 Log.o(Ws' IW.) 10 Log,o(WL IW.) 65 75 45 
f Segment 10 Log,o(Ws' IW.) 10 Log,o(WL /W,) 65 75 45 :~r~ 

65 75 45 f(!(Hz) 500 1000 2000 1000 1000 I 65 75 45 fc (Hz) 500 1000 2000 1000 1000 

78 57 106 105 104 113 92 I: J 1 1 70 j iI,'! 
69 77 54 105 104 103 112 89 ' , 2 J 8 1 70 78 58 ,: , ! 

4 70 77 57 j 2 70 78 58 107 106 107 114 94 5 69 78 55 I 3 70 79 58 
6 69 78 S5 it 4 71 79 60 108 107 108 115 96 7 70 77 57 

69 78 56 I 9 1 
2 1 72 79 62 :1 2 69 79 54 103 103 103 113 88 2 74 80 64 ! 3 69 78 55 

3 70 78 58 105 104 104 112 92 4 69 77 54 
4 74 81 65 109 108 108 115 99 5 69 78 55 
5 73 80 62 6 69 78 55 

3 1 70 78 57 108 107 107 115 94 7 69 78 55 
107 106 106 115 92 

j 8 70 79 58 104 104 104 113 92 2 69 78 55 I 3 70 77 57 
I 10 1 70 78 58 

4 70 78 58 
I 2 69 78 55 

5 70 78 57 ,I 3 70 77 57 
6 70 78 58 'I 4 69 77 54 106 105 104 113 90 
7 70 78 57 

,1 
5 70 78 58 

8 70 78 57 6 70 78 58 
4 1 70 78 58 n 7 70 78 57 

2 70 78 58 (I 8 71 79 59 108 107 106 115 95 
3 69 78 55 , 11 1 71 79 60 
4 68 77 53 105 104 104 11.3 89 ,I 

2 69 77 56 ). ~ 

5 69 77 56 ,1 3 71 79 59 'f 

6 70 77 ·56 'f 
4 70 78 57 

7 70 78 57 5 69 78 55 106 105 105 114 91 
8 70 78 58 107 106 106 114 94 6 69 77 56 

5 1 70 78 58 7 69 77 54 
2 69 77 56 104 103 103 111 90 I 8 71 79 60 108 107 107 115 96 
3 71 79 59 \1 12 1 70 78 57 
4 71 79 60 106 105 105 113 94 IJ 

2 69 78 55 106 104 104 113 90 If 
6 1 70 78 57 3 70 77 57 

1 ' 2 69 78 56 104 103 103 112 90 4 69 78 55 
i 3 70 78 57 5 69 78 5S 

4 69 77 56 :1 6 70 78 57 
5 72 79 61 107 106 106 113 95 i~l 7 69 78 56 
6 71 79 60 8 71 79 60 108 106 106 114 95 

\ 
7 70 78 58 iI 13 1 70 78 57 
8 69 77 56 t 2 69 77 54 

7 1 70 78 58 ! 3 69 78 55 , 
2 69 79 54 106 104 104 114 89 4 68 76 53 104 103 102 111 88 

I 3 70 77 57 I 5 69 77 56 I' 
; J, 

4 69 78 55 6 69 77 56 .~ 

5 70 78 58 j 7 69 77 56 ;!~ 

6 70 78 58 8 70 78 57 106 lOS 104 113 92 
1 ' 

7 71 79 60 108 106 106 114 95 
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TABLE 8. Calculated Values of 10 log 10 Ws' /Wo and Required Signal Sound Pressure Level. TABLE 8. Calculated Values of 10 loglo Ws' /We a1ld RequIred Signal Sound Pressure Level. I 
I 
! 

Required Signal Sound Pressure Level, dB 
! 

Required Signal Sound Pressure Leve1, dB ! Route 
Auto 

Route 
10 Log1o(Ws' /W.) 10 LoglO(WL /W.) 65 75 45 I Auto 10 Log10(Ws' /W,) 10 Log10(W L /W,) 65 Segment 

' t 
Segment 75 4S 

65 7S 45 fc (Hz) SOO 1000 2000 1000 1000 65 7S 4S fc (Hz:) 500 1000 2000 1000 1000 

14 1 70 78 57 '\ 20 1 72 79 61 
1 

2 69 77 56 104 102 102 110 89 II 2 72 79 61 

3 70 78 57 3 71 79 60 
4 70 77 57 4 72 79 61 

5 70 78 58 5 72 79 61 

,I 6 70 78 57 6 72 79 61 106 105 105 112 94 
7 71 79 59 106 104 104 112 92 7 71 79 60 

r 
i t 8 70 79 58 104 103 103 112 91 

~ 
15 1 72 79 61 ! 

2 69 77 56 104 102 101 110 89 1 
21 1 71 79 60 

3 71 79 60 I 
2 70 78 58 

L 4 70 78 57 I 3 70 78 58 

.1 5 71 79 60 , I 4 70 78 57 

6 72 79 61 107 105 104 112 94 
"I 

5 71 79 60 
'I 

60 i 6 71 79 60 J 7 71 79 1 

1 7 70 78 57 102 101 101 109 88 1 16 1 71 79 59 8 72 79 61 104 103 103 110 92 
'1 2 71 79 60 

3 70 77 57 106 105 106 112 92 22 1 71 79 59 102 100 99 109 86 
4 72 79 61 108 107 108 114 96 2 69 78 58 

5 70 79 58 ;1 3 70 78 57 

'I 6 71 79, 60 L 
4 69 78 55 

7 71 79 60 5 70 77 57 ;/ 6 70 78 58 
17 1 70 78 58 \ 7 70 77 57 

2 70 78 57 i I 8 70 79 58 
3 69 78 55 it 

).~ 

4 70 78 57 tl 23 1 70 79 58 
5 69 79 54 102 100 98 nO 85 It 

2 69 77 56 

6 69 78 56 3 70 77 57 
7 69 78 55 jl. 4 70 78 57 
8 71 79 59, 1.04 102 102 110 90 5 70 78 58 

1\ 6 71 79 60 104 102 101 110 91 18 1 71 79 59 I! 7 70, 78 57 ! I 
2 71 79 60 8 69 78 58 102 100 99 109 86 3 72 79 61 
4 70 78 57 
5 72 79 61 105 104 104 111 93 between siren and microphone or vehicle, r' is the length of the path of the reflected "ray", Q) 

6 71 79 60 is equal to 2IT times the siren signal frequency and c is the speed of sound. (It can be shown 
7 70 73 57 103 102 102 110 89 that, for the physical case of interest, the quantity in the square brackets in Eq. 20 is never 
8 70 78 58 equal to zero; consequently, phase cancellation results in finite relative minima in AL). For 

19 1 70 79 58 destructive interference, it is clear that AL<O. 
2 72 79 62 109 107 106 114 97 The calculated Lfor 1000 Hz, adjusted for spherical spreading by the term, -20 
3 71 79 60 10glO(r/ro), where ro=3 meters, is plotted against x in Figure 13. Relative minima at x=4.1, ,",! 

4 69 77 56 106 104 103 112 91 7.3, and 22.5 meters are apparent on the plot. On the same figure, sound pressure levels are 
5 71 79 60 plotted for a 1000 Hz, %-octave band measured at a height of 1.2 meters for a typical elec-
6 71 79 60 L tronic siren at Camp A.P. Hill. The dip in the plot of the experimental data in the vicinity of 
7 71 79 60 the relative minimum calculated to occur at 22.5 meters is qualitative confirmation of the ex-
8 71 79 60 

r pression developed for AL. j,' 
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In order to make quantitative comparisons between'experimental data and theoretical 
calculations, it is necessary in the strictest sense to consider atmospheric attenuation of the 
signal in addition to spherical spreading. The attenuation is, in general, negligibly small; 
under ordinary conditions it does not exceed 1 dB per 100 meters. It is not considered here. 
Although the distance of interest is r rather than x, the siren and microphone are not very high 
above the ground, so that x can be used as an approximation to r. The experimental data 
points in Figure 13 are seen to scatter about the curve (deviations lying between about ±S dB) 
except in the vicinity ofthe relative minimum. 

Samples ofttie data taken at Camp A.P. Hill have been plotted in Figure 14 to provide in­
formation on the shape of the apparent sound pressure level-frequency characteristic of a 
typical electronic siren mounted on a vehicle. From the figure it is apparent that the maximum 
sound power is radiated at approximately 1250 Hz. Consequently, a plot was made ofthe ex­
peri mental 12S0-Hz sound pressure level data taken at NBS. 

To illustrate quantitative agreement between calculated and experimental data, 
calculated aL values were adjusted for spherical spreading as before and plotted 011 Figure 15. 
Experimental values of sound pressure level at 1250 Hz were plotted 011 Figure 15 for com­
parison. The quantitative agreement of calculated and experimental values is paliiculariy 
evident in the vicinities of two ofthe calculated relative minima. 

The signal generators of most electronic siren packages are essentially square wave 
generators. k"square wave is made up of a fundamental frequency plus all of the odd har­
monic of the fundamental frequency. The destructive interference effects which reduce the 
sound level of the fundamental frequency will also simultaneously reduce the sound level of 
every odd harmonic frequency. Fortunately, the signals from electronic sirens vary in frequen­
cy with time and are not pure square waves. They also include even harmonics of the fun­
damental frequency. The even harmonics are not affected by destructive interference at the 
same point in space that the odd harmonics are affected. Thu,s, the signal level of the siren's 
entire frequency output is not reduced at one time, and in general the sound pressure minima 
are continually moving as the vehicle moves and the instantaneous frequency of the siren 
changes. Figures 13 and 15 do illustrate how a reduction of part of the siren signal can occur. 
If outdoor acceptance tests of sirens are performed, the distance between the siren and the 
measuring microphone is very important, and a field-sampling system should be used. 

4. SUMMARY AND CONCLUSIONS 

A test program involving 23 test automobiles, 4 electronic sirens and 9 electromechanical 
sirens has been completed. Measurements have been made of the directional response and 
spectral distribution ofthe sirens, of the transmission of the automobiles, of the masking noise 
in the automobiles while being driven over a test route of four different segments, and of the 
phase cancellation pattern for an electronic siren. Measurements of directional response were 
made also for a pair of electronic speakers in three different arrangements. The directional 
response measurements were 'made in the labor,atory in an anechoic chamber. The other 
measurements were made in the field. A procedure developed by CorIiss4 and Corliss and 
Joness for the estimation of the effective loudness of a signal in the presence of masking noise 
has been applied to the siren-subject vehicle case. 

The mean sound pressure level for the four electronic sirens tested in the anechoic cham­
ber at a speaker-to-microphone distance of 2 meters ranged from 122 to 146 qB. The mean 
sound pressure level for the nine electromechanical sirens tested in the anechoic chamber 
ranged from 111 to 124 dB. For the electronic and the electromechanical sirens the level was 
maximum for the octave band centered at 1000 Hz. 

Adjusting the mean sound pressure levels given in the preceding paragraph for spherical 
spreading, we find that the sound pressure level for the four electronic sirens tested would 
range from 104 to 128 dB at a loudspeaker-to-subject distance of 16 meters, and from 92 to 
116 dB at a spacing of 64 meters. The sound pressure level for the nine electromechanical 

37 



I 
I 

I 
1 
I 

. , 
100 

90 

80 

70 

60 

50 

• 
" I .. 

o 0 0 r-! N 
r-! N II") 

1/3-0ctave Band Center Frequency, Hz 

o 
r-! 

FIGURE 14.-Sound Pressure Level for an Electronic Siren Mounted on a Vehicle at a Height of1.5 m. 
Legend Distance (m) Microphone Height (m) 

• 7.6 1.2 
'V- - -15.2 2.1 
A--- 27.4 2.1 

sirens tested would correspond to a range of 93 to 106 dB at a distance of 16 meters and of 81 
to 94 dB at a distance of 64 meters. 

The field insertion loss for a Y3-octave band centered at 1000 Hz ranged from 21 to 35 dB 
for the 23 test automobiles. For a FIL of 30 dB (the maximum loss at 1000 Hz on the 
regression lines) and a value of effective loudness sufficient for recognition in the presence of 
masking noise, the sound-pressure required from the siren signal at the exterior of a subject 

• vehicle ranges from 100 to 108 dB for the 23 test automobiles. The maximum value, 108 dB, is 
within the range of sound levels put out by the electronic sirens at a loudspeaker-to-subject 
distance of 64 meters, but is outside the range for the electromechanical sirens even at 16 

meters. " " 
It has been shown, both theoretically and experimentally, thanrlterference caused by 

reflection of siren signals can result in a decrease in sound pressure level of as much as 60 dB 
at certain specific siren-to-subject distances. However, since the siren frequency is swept, the 
interference patterns will move with the wavelength of the instantaneous output signal, and 
the actual depths of the minima will not in general be as great. This attenuation, although it 
was not investigated in this work, further limits the effectiveness of sirens. 
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The directivity measurements indicate that the SPL at 45° to the right or left of the ap­
parent acoustical axis of the electronic sirens and the electromechanical sirens was less than 
that along the axis by more than 5 dB in 3 of 32 cases for octave bands of center-frequencies 
500 and 1000 Hz. The directional response ratio for the octave band of center-frequency 2000 
Hz exceeded 10 dB in 8 of 19 cases. The directional response ratio for the octave band of cen­
ter frequency 1000 Hz was less than or equal to 7 dB in all cases for all the sirens tested (also 
see Figure 11). 

On the basis of the siren signal power level required (Table 8), there is little if any ad­
vantage in shifting the tone of the maximum power from 1000 Hz to 2000 Hz and there is no 
advantage in shifting to 500 Hz. The directional response data indicate that 1000 Hz is a 
generally more favorable frequency than is 2000 Hz. 

It is clear from the directional response data that the performance of the sirens in this 
respect could be improved by optimizing the radiation pattern to concentrate signal power in 
the preferred directions. 

One can conclude that the combined effects of the sound attenuation properties of the 
automobiles, the masking noise inside the automobiles and the spherical spreading of the 
siren signal severely limit the effectiveness ofthe siren as a warning device for use on emergen­
cy vehicles. This test program has provided information concerning the siren/vehicle system. 
However, firm conclusions concerning the efficacy of the system cannot be made in the ab­
sence of data on the subjective response of occupants of vehicles to the siren signal level and 
spectrum of noise in the vehicle. It is, therefore, recommr;;hded that such SUbjective tests be 
made before any design changes are made in sirens. 

In addition to the physical and physiological constraints on the siren vehicle system, there 
is also the constraint (which is possibly quite severe) represented by the sound levels that com­
l'nJJnity noise standards would tolerate, even for emergency signals. This again would suggest 
that an increase in directional conc:"r:~ration in the forward direction ( as shown in Figure 11) 
would reduce the annoyance ofthose bystanders already passed by the emergency vehicle who 
would no longer need to respond to the warning. 

40 

, 
I 
I 

I 
l 
! 

I 
I 
! 

t 
t 
! 

:'{ 
; 

i 
1 

I .. , 
\ 
! 

! 
I 

I 
.J 
i j 
, I 
'\ 

! 
1 

:1 
d 
1 
t 
I 
.! 

I ., 
I 
! 
I 

I 
! 
I 
I 

1 

APPENDIX A 

The 23 automobiles lent to NBS for the insertion loss and interior masking noise tests 
were selected on the basis of their estimated popularity by the consumer. Tables similar to 
those printed in Automotive News Almanac (Review and Reference Edition), published by 
Marketing Services, Inc., Detroit Michigan, giving the U.S. Outputs of Domestic and Foreign 
Automobiles for the year 1971 were used as a guide in the selection of these representative 
automobiles (1971 tables were the last year of complete data at the time oftesting). , 

The automobiles are listed below and except as otherwise 'indicated are 1973 models: 

American Motors Hornet 
Plymouth Duster 
Plymouth Fury 
Chrysler New Yorker Brougham 
Dodge Coronet 
Dodge Polara 
Ford Torino 
Ford LTD 
Ford Pinto 
Lincoln Continental, 1972 
Mercury Marquis 
Buick Regal 
Buick Limited 
Chevrolet Chevelle Malibu 
Chevrolet Nova 
Chevrolet Impala 
Chevrolet Vega 
Oldsmobile Cutlass Supreme 
Oldsmobile 98 
Pontiac Catalina 
Pontiac LeMans 
Toyota 
Volkswagen 
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APPENDIX B 

In planning the processing to be done by the large-scale computer of the data points 
provided by the minicomputer for the masking noise measurements, it was of inter~stto 
inquire which of two estimates of level for a set of measurements is the more representative. 
The term "representative" is defined here as central in the sense that the individuaJ values 
tend to be normally distributed about the central value (i.e., Gaussian). The first of these 
estimates is that expressed by Eq. 1 in paragraph 8.4.2.1. of Ame~rican National Standard 
Methods for the Measurement of Sound Pressure Levels. S1.13-1971, 

N 

L=1010glO~ l::: 10Li"O, (B-1) 

;=1 

~here ~ is the tota,l number of observations and Ll is the observed sound pressure level 
~n ~he ~-th o.bservatloll. The second e.stimate is the estimate of the average level (average 
lIldlcatlOn of a meter, for example) glVen by Eq. 2 in paragraph 8.4,2.2. in American Na­
tional Standard S1.13-1971, 

N 

L= ~ l::: LI (B-2) 
;=1 

From the definition of level, it is clear that the factor 10LltlO in Eq. B-1 is the i-th 
:atio, Rill of mean square sound pressure to the square of the reference pressure (po=/ANm-2

). 

I.e., RI1=P1P~ Therefore, liN .~N 10Li/10 is the C/,1'ithmetic mean R[J' and L in Eq. B-1 
is the level corresponding to th'e1arithmetic mean Rv' III equation B-2, L is clearly the 
arithnictic mean of the observations of sound pressure level, and thus since L is read on 
a logarithmic scale, the geo11tet1"ic mean of the observed ratios of the square of sound 
pressures. 

It can be shown that L in Eq. B-2 is the level corresponding to the geometric mean of 
the determinations of RIl' By definition, the geometric means of N numbers is the N-th root 
of the product of the N numbers, viz., 

[ 

.." ._~ ] 1 
')" IJ N 

p~ . p; ..... PN 
p2 p2 p2 

o 0 0 

(B-3) 

(B-4) 

(B-5) 
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logw (p:) = J l::: 10glo p! == 1..1.. )~ L j 

p~ GM' p~ N 10 . 
1=1 1=1 

(B-6) 

(B-7) 

The last equality is Eq. B-2, thus the proposition has been demonstrated. 
Thus, inquiring which of Eqs. B-1 and B-2 provides the more nearly representative value 

of level. is ~quivalent to i~quiring which of the two means, arithmetic and geometric, of the 
determmatlons of Rp prOVIdes the more nearly representative cqrresponding value of level. For 
a set of experimental data, i.e., measurements of level and ccrresponding determinations 
(calculations) of R

p
, the choice of mean could be made on the basis of which of two 

distributions (t~e distribution ofthe individual observations of level about that corresHonding 
to the geometnc mean Rp, and the distribution of the individual determinations of R about 
the arithmetic mean Rp) is more nearly normal, i.e., Gaussian. It should be noted here ~hat 10 
times the 10glO of the geometric mean Rp corresponds to the arithmetic mean of the sound 
pressure levels. 

A set of observations of sound pressure level was taken from the masking noise 
measurements and each level was converted into an Rp' The two sets of numbers were 
pro.cessed on the large-scale computer using the Omnitab Statistical Analysis ("A User's 
Gutde to the Omnitab Command 'Statistical Analysis' ", H. H. Ku, NBS Technical Note 756, 
March, 1973) to ascertain which of the two distributions described in the preceding 
p~rag~aphs w~s more nearl~ norm~l. (It w~s found that th~ level andRp apparently increased 
WIth tIme durmg ~he recordl.ng penod. ThIS cannot be ascrIbed to the measuring system gain, 
be~ause each ~er~es of readIngs was taken after adjustment of the gain with apistonphone 
calIbrator. ThIS lmear trend was removed from the data and the adjusted data were used to 
test the two distributions.) It was found that the distribution of the individual observations of 
level about the arithmetic mean level was significantly more nearly normal than was the alter­
native distribution. Thus, the analysis of this partiCUlar set of observations indicated that the 
arithmetic mean level provides the more nearly representative value oflevel. 

Having ascertained that the individual observations of sound pressure level are essentially 
normally distributed about the arithmetic mean sound pressure level, the standard deviation 
and the mean provide sufficient information on which to base a fairly detailed analysis, if 
desired, of the masking noise measurements. ' ' 
. At this point it is appropriate to discuss LX) which is defined as the level which is exceeded 
m x percent of the cases, where x is usualIy 10, 5, etc. Although Lx is easily ,determined from a 
se~ of obs~rvat~ons, it alone provides no prediction from which Ls can be inferred, for example. 
It IS thus mfenor to the mean and the stan.dard deviation as a measure in those cases in which 
the distribution oflevels is Gaussian (or some other known distribution). 
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APPENDIX C 

Abbreviations of Associations 

ANSI: American National Standards Institute, formerly United States of American 
Standards Institute (USASI) and American Standards Association (ASA). 

SAE: Society of Automotive Engineers 

Definitions 

The principal teJ;ms used in this document are defined in this section. 

Acoustic Axis (Principal Axis) 

The direction along which the sound pressure level due to the source of sound is 
maximum. 

Anechoic Room (Free-Field Room) 

. An anechoic rOOIll has boundaries which absorb effectively all the sound incident thereon, 
thereby affording free-field conditions. 

A-Weighted Sound Level 

A quantity, in decibels (dBA) read from a standard sound-level meter Jfulfilling the 
requirements of American National Standard S1.4-1971) that is switched to the weighting net­
work labeled "A". The A-weighting network discriminates against the lower frequencies ac­
cording to a relationship approximating the auditory sensitivity ofthe human ear at moderate 
sound levels. 

Decibel 

The decibel is a unit of level when the base of the logarithm is the tenth root of ten and 
quantities concerned are proportional to power. 

Effective Acoustic Center 

The effective acoustic center of an acoustic generator is the point from which the 
spherically divergent sound waves, observable at remote points (i.e., in the far-field), appear to 
diverge. 

E~ectromechanical Siren 

A siren incorporating a stator and a rotor which is driven by an electric motor. 

Electronic Siren 

A siren incorporating an electronic signal generator, an amplifier, a driver and a speaker. 
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Far-Field 

At a sufficiellt distance from a source of sound in free space, the sound intensity obeys the 
inverse: square law, and the sound particle velocity is in phase with the sound pressure. This 
region is called th(: far-field of the source of sound. 

Free Sound Field (Free-Field) 

A free sound field is a field in a homogeneous, isotropic medium free from boundaries. In 
practice it is a field in which the effects of the boundaries are negligible over the region of in­
terest. 

Frequency 

The number of oscillations per second of a sound wave; now expressed in Hertz (Hz), for-
merly in cycles per second (cps). \ 

Level 

In acoustics. the level of a quantity, expressed in decibels (dB), is 10 times the logarithm 
to the base 10 of the ratio ofthat quantity to a reference quantity of the same kind. 

Mechcanical Siren 

A siren incorporating a stator and a rotor driven by a rotating part of the vehicle or engine 
through a mechamical linkage . 

Pink Random Noise 

A quantity (e.g., sound pressure) the amplitude probability of which is a normal 
(Gaussian) distribution function and the spectrum density (or spectrum level) of which 
decreases with incr.easingfrequency by 3 dB per octave. 

Siren 

A device used to generate and transmit the easily recognized siren sound whose frequency 
varies with time, used as a warning signal by police vehicles, fire vehicles and ambulances. 

Sound Power Level 

The sound power level (Lw), in decibels, is defined by 4=10 loglo (W IWo), where W is the 
sound power and Wo is the reference power. The value ofWo in common use is 10-12 watt. 

Sound pressure 

The sound pressure at a point is the total instantaneous pressure at that point in the 
presence of a sound wave minus the static pressure at that point. 

Sound Pressure Level 

The sound pressure level (Lp), in decibels, is defined by 

Lp=20 10glO (pi Po), 

Where p is the sound pressure and Po is the reference pressure. The value of po in common use 
is 20J.tPa(=2(f1N/m2

). 
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White Random Noise 

A quantity (e.g., . sound .pressure) the amplitude probability of which is a normal 
(Gaussian) distribution function and whose frequency spectrum has lequal energy per constant 
band width. 
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