FHWA/IN/JTRP-2001/19

Final Report

NOISE CONTROL AND SPEECH INTELLIGIBILITY
IMPROVEMENT OF ATOLL PLAZA

Luc Mongeau
Robert J. Bernhard
Jeffrey P. Feist

November 2001



Final Report

FHWA/IN/JTRP-2001/19

NOISE CONTROL AND SPEECH INTELLIGIBILITY
IMPROVEMENT OF ATOLL PLAZA

By

Prof. Luc Mongeau
Associate Professor
Principal Investigator
and
Prof. Robert J. Bernhard
Professor
Principal Investigator
and
Jeffrey P. Feist
Research Assistant

School of Mechanical Engineering
Purdue University

Joint Transportation Research Program
Project Number: C-36-67DDD
File Number: 9-10-55
SPR-2414

Conducted in Cooperation with the
Indiana Department of Transportation
and the
U. S. Department of Transportation
Federal Highway Administration

The contents of this report reflect the views of the authors, who are responsible for the facts and
the accuracy of the data presented herein. The contents do not necessarily reflect the official
views or policies of the Indiana Department of Transportation of the Federal Highway
Administration at the time of publication. The report does not constitute a standard,
specification, or regulation.

Purdue University
West Lafayette, IN 47907
November 2001



TECHNICAL REPORT STANDARD TITLE PAGE

1. Report No. 2. Government Accession No. 3. Recipient's Catalog No.
FHWA/IN/JTRP-2001/19

4. Titleand Subtitle 5. Report Date
Noise Control and Speech Intelligibility Improvement of aToll Plaza November 2001

6. Performing Organization Code

7. Author (s) 8. Performing Organization Report No.

Luc Mongeau, Robert J. Bernhard, and Jeffrey P. Feist
FHWA/IN/JTRP-2001/19

9. Performing Organization Name and Address 10. Work Unit No.
Joint Transportation Research Program
1284 Civil Engineering Building
Purdue University

West Lafayette, Indiana 47907-1284

11. Contract or Grant No.

SPR-2414
12. Sponsoring Agency Name and Address 13. Type of Report and Period Covered
Indiana Department of Transportation )
State Office Building Final Report

100 North Senate Avenue
Indiananolis. IN 46204

14. Sponsoring Agency Code

15. Supplementary Notes

Prepared in cooperation with the Indiana Department of Transportation and Federal Highway Administration.

16. Abstract

Vehicular toll roads are one component of many municipal transportation systems. Open communication windows, often used in
tollbooths, facilitate essential communication and monetary transactions. However, the vehicle noise generated outside the booth is easily
transmitted into the booth via the open window. Personnel working at toll collection plazas are exposed to extended, continuous traffic
noise. Sustained noise levels of this nature may cause hearing loss, induce fatigue or stress, and reduce worker productivity. The
annoyance and discomfort related to continuous noise exposure may create an unpleasant working condition and may affect the hospitality
of the tollbooth operators and their attitude toward customers. Furthermore, the noise level may hinder communication with customers
and may compromise safety. Reduction of the noise level and an improvement in speech intelligibility are highly desirable.

The acoustics of atypical toll plaza and structural noise control strategies were modeled using a beam tracing technique. Noise
control strategies involved the application sound absorbing materia to the overhead canopy, the construction of sound absorbing partial
barriers, and the treatment of tollbooth walls with sound absorbing material. In terms of noise control, the results suggest that the direct
field is more important that the reflected field.

The effects of active noise control (ANC) systems to reduce traffic noise and improve speech intelligibility at the toll plaza was
investigated. The ANC systems included a range of headsets and a prototype external unit designed to create alocal region of attenuation.
Significant noise reduction can be achieved with a sealed, closed ear ANC headsets. However, the various systems seemed to have little
positive effect upon speech intelligibility under traffic noise conditions. The result imply that the signal to noise ratio under toll plaza
conditionsis poor and that level overloading effects may further reduce intelligibility.

Altered systems were modeled to improve the signa to noise ratio and reduce the noise level. The improved systems utilize a
directional microphone and a sealed ANC headset. With a high order directional microphone, good speech intelligibility is achievable
even in the presence of toll plaza vehicle noise.

17. Key Words 18. Distribution Statement

Toll plaza, toll road, active noise control, speech intelligibility, | NO restrictions. This document is available to the public through the

beam tracing. National Technical Information Service, Springfield, VA 22161
19. Security Classif. (of thisreport) 20. Security Classif. (of this page) 21. No. of Pages 22. Price
Unclassified Unclassified 237

Form DOT F 1700.7 (8-69)



TABLE OF CONTENTS
Page
LIST OF TABLES ...ttt bbbttt bbb %
LIST OF FIGURES........cotiiiiiiesiese sttt sttt st Vi
NOMENCLATURE......cot ittt sttt st b et sb e Xi
IMPLEMENTATION REPORT ..ottt sttt Xiii
1. INTRODUCGCTION .....coiiiiitistesiesiesieeeeee ettt sa st st sbe b sbe e se et saesbeseesbe e 1
2. BACKGROUND ......ceiiitiitiriieie ettt sttt sttt be st e st sb et sre s 3
2.1 Toll Collection Plaza DESCrPLiON. ......ccueeveeeerieeeseesie e seesie e sre e e e eeesnee s 3
2.2 ATENUANE SUNVEYS. ......eeveeeeeeieeie ettt e st ae et e e te e s reesseeneesneesneeneenneenns 5
2.2.1 First Attendant SUINVEY .........ccveceiieieeeeeese e e st ae e 5
2.2.2 .Second AEENaNt SUIVEY ........ccceeieerie et 7
2.2.3 SUIVEY CONCIUSIONS......ceiitieieeiesieesteeieseesteeeesreesseeaesseesseesesseesseeseesansseenees 8
2.3 POtential SOIULIONS. ........ciueiuirieriieeeiesie st be e 9
2.3.1 Passive Noise Control TECNNIQUES.........ccueiueeiiereesieeie et eie e see e 9
2.3.2 Active Noise Control TEChNIQUES..........ccoveieiieeieeeseee e 10
2.4 Model Of the TOIl Plazan.......ccceieieiiieresiceseee e 14
2.4.1 The LMSRAYNOISE Software Package Theory ........cccocceveevveieseccincnnne 15
2.4.1.1 Mirror Image Source Method..........ccceoveeieerencesee e 16
2.4.1.2 Ray Tracing Method.........cccoveeieeeeceese e 17
2.4.1.3 Beam Tracing Method ............cccooveiiieie e 18
2.4.1.4 LMSRAYNOISE Diffraction Technique.........c.cceeeevvrieeseeresieeneenn. 19
2.5 Speech INtEIGIDIITY ..oc.eeeeeeece e 20
2.5.1 Standard Intelligibility Calculation Methods..........ccccceeveveeveeie e 21
2.6 SUMMIAIY ....teeiitieeiieeesitee ettt et e st st e st e e s b e s s abe e e sase e e asseesaseeesnneesnneesneeesnneeenns 22
3. MODELING OF THE TOLL PLAZA ...ttt 24
130 A [ 11T [FTox £ o o USSR 24
3.2 VETICAIION ..ottt bbbttt s 25
3.2.1 VErifiCation Case L......cccueerieieiesesie sttt 25
3.2.2 VErfICAON CBSE 2.....eeiiiieiieeeiesies ettt 27
3.3 Modéel Strategy and ASSUMPLIONS.........cceeriereereerreeeeseeseeseesseeseseesseeeesseessesseeas 29
ICTHC I R |V oo U= I D 1= o o S 29
3.3.2 Material PrOPEITIES.......ccveiieeie et e et 30
GG T B 111 = o 0] =l [0 -SSR 32
3.3.4 AMDIeNnt CONAITIONS........cceeeieieiise e e 32
3.3.5 SOUICE SPECIIUM...cuiiiiiiiie ettt e ettt sre e s se e sneeesnneeeens 33

3.3.60 RECAIVEN LOCAIIONS. ...t e et e e e e e e e e e e e e e e e eeaaaenneeeeeeens 36



Page

3.3.7 Calculation ProCEOUNES ........cccceiieririeriesieeieeee et 37
3.3.8 DAl@ANAIYSIS....cceeiieeiieeerie et re e 38
B4 SUMMIEIY ...ttt ettt ettt ettt s e e st e e s bt e e sase e s eab e e s asseesnneesnneesneeesnnneenns 39
4. DESIGN STUDY ..ottt sttt s et b e st be ettt sbesnesneas 40
Ot g1 (0T L8 o1 o o ISR 40
ViR \Y Koo (= I @Xo a1 110 U1 1 o o O 40
2.1 REFEENCEMOUE.......c.eiiiiie e 40
4.2.2 ADSOrDING CANOPY. .. ecveireerieeieseesieeieeseesseeseesseesseeseesseesseessesseessesssesseessessenns 41
4.2.3 Absorbing Partial BarrierS.........ccecveeeieeieciesiese e se e 42
4.2.4 Absorbing Treatment for the TollbBoOths..........ccccovvveiieviee e, 45
4.2.5 Combined MOdIfiCaIIONS........ccciiiiiririeere e e 45
4.3 ReSUITS N ANAYSIS.....c.eeiieiieieciere ettt e e ne e sreennas 46
4.3.1 Frequency DepPandenCe. .......cccuoueieeieieerie e seeste e sree e 47
4.3.2 Investigating INdividual SOUICES.........coceeveeiieiiere et re e 50
4.3.3 Performance of Passive TEChNIQUES..........ccccveeerieiieieesece e 54
4.3.4 Verification of the DIreCt Field.........coovrieiiiiniieseeereeeee e 57
R @0 o 1 0] < ST 63
5. ACTIVENOSIE CONTROL SYSTEMS......cciiiiiiieeesese e 65
ST A 1o [FTox i o] o USSR 65
5.2 ANSE SIT oottt e 66
5.2.1 Calculation MEtNO...........cooviiiiiie e e 66
5.2.2 INPUE DBLAL......ciiiiieiiiee ittt sae e s re e e e e nneeeen 66
5.2.3 Calculation ProCEOUNES .........cceiieririeriesierieeee et 68
5.2.4 VENTICAION ..ottt bbbttt ettt 70
5.3 INput Data ACQUISITION.......ecieieesieeteeeeseeieseesre e e e e sae e sreesreeeeseesreeneesseesseeneens 71
5.3.1 Calculation of System INSertion GaiN .........cccceeveeeeseeresieeseere e 71
5.3.1.1 Insertion Gain TeSt SIgNalS......ccvevueeeereeieeseere e se e 74
5.3.1.2 Processing Recorded Time Domain Data...........ccccceevevceeneeneneeneeenne. 75

5.3.2 Calculation of the Equivalent Speech Spectrum Level .........cccccveveeiveieneee 77
5.3.3 Caculation of the Equivalent Noise Spectrum Level .........cccocevvecevvecieennnne 77
5.3.4 Calculation of the Equivalent Hearing Threshold Spectrum Level................. 78
5.4 ANalySiSanNd RESUILS........ccciiiieieeie ettt sneesne e 78
5.4.1 Physical Attenuation Performance of ANC Systems........ccccceeeeveceeveeiiennnne 82
5.4.2 Noise Reduction Performance..........ccooererriinene s 87
5.4.3 Speech Intelligibility Performance of ANC Systems........cccccevevvceeieeciennnene 88
5.4.3.1 Speech Intelligibility Performance for Typical Semi-Truck Noise.......89
5.4.3.2 Speech Intelligibility Performance for Idle Semi-Truck Noise............. 96
5.4.3.3 Speech Intelligibility Performance for Idle Car Noise............ccccueneeee 100

5.4.4 Characteristics of Systems for Improved Communication .............ccceeveee.. 104
5.4.4.1 Conceptsfor Improved CommuniCation ..........ccccceeeeereereereeseeseninnns 104
5.4.4.2 Sedled Headset with Directional Microphone.........ccccccevvveveveeiennnne 105

5.4.4.3 Filtering the Directional Microphone Signal ...........cccocevveeeveeniennnne 106
5.4.4.4 Directiona Microphone Directivity INAeX........cccccvevevreeriveiesieenennne 110

5.5 SUMMEINY ... e e e sne e nnee s 112
6. CONCLUSIONS AND RECOMMENDATIONS......cccoiiiirieririnieie e 113
6.1 CONCIUSIONS......ctiiiiitiitieiieeeee ettt bbb bttt e e e et e nbe e 113

5.2 RECOMMENUALIONS. ...ttt e e e e e e e e et e e e e e e eeeaeneneeeeeeeeeaeannnnees 115



LIST OF REFERENCES..........ccooiiiieestesiees ettt s sre e stenes 117
APPENDICES

Appendix A: Toll Road EMPIOYEE SUINVEYS.........ccieeieieesieeeceesieesee et eee e sse e 120

A.L1 SUrVEy 1 and RESUITS.......cccuveeeieeieeeeseee et 120

A.2 SUNVEY 2 aNd RESUILS.......ccouieeiieeeeee et 126

Appendix B: Toll PlazaBeam Tracing MOdel...........ccocoevveieiievecce e 130

= 3R \V oo = B I T ="o = o 1SR 130

B.2 Freguency Dependence of Passive Noise Control Solutions.............ccccuee.... 132

B.3 Overall Level per SOUrCE Pail .........cccoueieeieeieseesie e seesie e snee e 148

B.4 Direct Field Study, Semi-TrucCk SOUICES.........cceverieereerieeieseesieeseeseeneeeeens 197

B.5 Direct Field Study, Car SOUICES........cccoveiueeeeseeie e seesieseeseese e sseesseeneens 210



Table
3.1
3.2
4.1:

4.2
4.3
5.1
5.2
5.3
5.4:
5.5
5.6:
5.7:
5.8

LIST OF TABLES

Page
Material properties used to model elements of the Portage Barrier Toll Plaza......... 32
The semi-truck source spectrum, sound power [eVel. ..........ccevvecevieevicce v 34
Table of the material characteristics assigned for the partia barriers with sound
abSOrDING trEAMENL........eeeeeecee e e 44
Materia characteristics assigned for sound absorbing tollbooth walls.................... 45
The automobile source spectrum used in the direct field verification moddl. ........... 61
NRR fOr the ANC SYSLEMS......cceeieeeiecie et sreenes 88
Sl results for no system gain, No external NOISE.........cccvevereerereeseere e 89
Sl results for no system gain, actual traffiCc NOISE.........ccccvveeveveeveece e 90
SlI results in the presence of actual Semi-truck NOISE.........cceevereereereeieeseeree e 95
Sl results in the presence of actual idle semi-truck NOISE. .......ccecveveerieeeereerieceene 97
Sl resultsin the presence of idle Car NOISE. .......cccvveereerie e 101
SlI results for improved systemsin the presence of idle semi-truck noise............ 109

Sl results for improved systems in the presence of idle semi-truck noise............ 111



Figure

2.1:

2.2:
2.3:

2.4:
2.5:

2.6:
2.7:

2.8:

3.1

3.2

3.3:

vi

LIST OF FIGURES

Page

Photo of the north end of the Portage Barrier Toll Collection Plaza. View isfacing

Evaluation of working conditions by tollbooth attendants..............ccccceevveceeneeiieenenne. 6

Rating of the annoyance of vehicle sound sources. Ratings were averaged among all
respondents. A rating of 5.0 indicates that the respondents Srongly Agree that the
noise emission of the particular vehicle is annoying, arating of 3.0 indicates that the
respondents are Undecided, and arating of 1.0 indicates that the respondents
Strongly Disagreethat the noise emission of the particular vehicleis annoying. ......7

Evaluation of an ANC NEAASEL. .......eeeeeeee et e e e e e e e e e ae s 8

Block diagram of the single channel feedback ANC system. Representation
modeled after Nelson & Elliot (1992, P. 211).....ccceveeceeierecee e 12

Photo of error microphone and secondary source on an exposed ANC headset.....14

A single source and two geometric boundaries as modeled by a Mirror Image
Source Method implementation. Open circleisthe true source; closed circles are
tNE IMBOE SOUICES........eecveeieceee st et ete st e e ee e et e e te e e sreesse e e e sseesaeeneesreensennnens 17

Diagram showing discrete diffraction paths over the top edge of abarrier. Open
circleisthe source; shaded circleisthe reCaiVer........ccoovvvvvieece e 20

Case for asimple source over a perfectly reflecting plane. Schematic of the mesh
and the receiver plane. The source was located at the coordinates (50, 50, 0.5) in
meters, and the receiver plane was located at the Y -axis position of 50 meters. ....... 26

Comparison between the beam tracing predictions and the analytical solution for a
simple source over a perfectly reflecting plane. The difference in sound pressure
level in dB over thereceiver planeisdisplayed........ccccveveveeceveeveece e 27

Diffraction by a planar rigid barrier over areflecting plane. Schematic of the
problem geometry, side view. The sourceislocated at coordinates (0, -7.5, 0.5).

The barrier islocated at Y=0. Thereceiver islocated at coordinates (0, 30, 3). All
POSItiIONS &re iN UNItS Of MELENS. ....cveeeeciecece e 28



Figure

3.4

3.5:
3.6:

3.7:
4.1
4.2:

4.3:

4.4:

4.5:

4.6:

4.7

4.8:

4.9:

Vii

Page

Comparison between results obtained using a beam tracing simulation and the K &
A equation from Muradali and Fyfe (1997). The solid line represents data obtained
using Lam's method and the dashed line represents data obtained using

RAYNOISE. ..ottt sttt sttt see e enesee e 29
Baseline toll plaza model constructed in AULOCAD.......cceecveeeeeeie e 30
Location of semi-truck sound sources within the basic model of thetoll plaza, top

1T PRSPPI 35
Location of receiver points within the baseline model of thetoll plaza. ................... 37
Model of the Portage Barrier Toll Plaza used as the reference condition. ............... 41
Toll plaza model with the canopy removed to simulate a perfectly absorbing canopy2
Toll plazamodel with sound absorbing partial barriers.........ccooveevvienieececcecneene 44

Toll plazamodel with perfectly absorbing canopy, sound absorbing partial barriers,
and absorbing treatment on the tollbooth walls. ..o 46

Sound pressure level of all sources active as a function of frequency at the fourth
window location to the north of the plaza. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing barriers;

+ level with al MOdifiCatioNS. ..........c.ooiiiiriee e 49

Insertion loss of al sources active as afunction of frequency at the fourth window

location to the North of the plaza. * insertion loss of absorbing canopy; O insertion
loss of absorbing barriers; insertion loss of absorbing barriers; + insertion loss of
All MOAITICALTIONS. ... et 50

Overall sound pressure level for an individual source pair as a function of window
location. Active source pair isthe middle idle semi-truck located in fourth lane from
the north. O level of existing toll plaza; * level with absorbing canopy; O level with
absorbing barriers;, level with absorbing barriers; + level isal modifications......53

Insertion loss for an individual source pair as afunction of window location. Active
source pair isthe middle idle semi-truck located in fourth lane from the north. *
insertion loss of absorbing canopy; O insertion loss of absorbing barriers,

insertion loss of absorbing barriers; + insertion loss of all modifications............... 54

Overall level of al sources active as a function of window position. [J level of
existing toll plaza; * level with absorbing canopy; O level with absorbing barriers;
level with absorbing barriers; + level isall modifications...........cccceveviecceciieinnns 56



Figure

4.10:

4.11:

4.12:

4.13:

4.14:

5.1
5.2

5.3
5.4
5.5
5.6:
5.7

5.8:

5.9

5.10:

vili

Page
Insertion loss of all sources active as afunction of window position. * insertion
loss of absorbing canopy; O insertion loss of absorbing barriers;  insertion loss of
absorbing barriers; + insertion loss of al modifications.............ccceveevecieiicciecneee 57

Overall level for al sourcesin the fourth lane from the north, semi-truck sources. O
level of existing toll plaza; * level with of direct field validation moddl. .................. 59

Insertion loss for all sourcesin the fourth lane from the north, semi-truck sources.
(] total absorbing elements as specified in the direct field validation moddl. ........... 60

Overadll level for al sourcesin the fourth lane from the north, car sources. O level of
existing toll plaza; * level with of direct field validation model............cccccevvvennnnenne. 62

Insertion loss for all sourcesin the fourth lane from the north, car sources. O totd
absorbing elements as specified in the direct field validation modd. ....................... 63

Photograph of the test configuration to obtain ANC system transfer functions. .....73
Location of the TechnoFirst ANC system with respect to the head and torso

£ 10 11 1 (o SRS 74
Frequency response of the one-third octave band filters. .......cccccevveeeveeiecceneenee. 76
Photo of the NCT Noise Buster Extreme ANC HeadSats. .........cccovvereienenencnine 79
Photo of the NCT ProActive 1500 ANC HEadSELS. ........coceverereeieierencsie s 80
Photo of the NCT ProActive 3500 ANC HEadSELS. ........cocoverereeieieerese s 81

Photo of the TechnoFirst Prototype External ANC System and the head and torso
ST 401 o] OSSR 82

Transfer function for the NCT Noise Buster Extreme ANC headset, right ear with
the active noise control setting at the maximum position in terms of one-third octave
bands for different signals. —random noise signal; .. speech signal; -- traffic signal.

Transfer function for the NCT ProActive 1500 ANC headset, right ear in terms of
one-third octave bands for different signals. —random noise signal; .. speech signal;
S TrAFTIC SIGNAL. e 85

Transfer function for the NCT ProActive 3500 ANC headset, right ear in terms of
one-third octave bands for different signals. —random noise signal; .. speech signal;
S TrAFTIC SIGNAL. e 86



Figure Page

5.11: Transfer function for the TechnoFirst external ANC system, right ear in terms of
one-third octave bands for different signals. —random noise signal; .. speech signal;
== HFAFIC SIGNALL 1. 87

5.12: Comparison of semi-truck traffic spectrum level density with speech spectrum level
density for adistance of 1.0 meters from talker'slipsto listener'sears. X normal
speech;  raised speech; [ loud speech; + shout speech; O semi-truck traffic noise.

5.13: Comparison of semi-truck traffic spectrum level density with speech spectrum level
density for adistance of 0.75 meters from talker'slips to listener's ears. X normal
speech;  raised speech; [ loud speech; + shout speech; O semi-truck traffic noise.

5.14: Comparison of semi-truck traffic spectrum level density with speech spectrum level
density for adistance of 0.5 meters from talker'slipsto listener's ears. X normal
speech; raised speech; [ loud speech; + shout speech; O semi-truck traffic noise.

5.15: Comparison of idling semi-truck traffic spectrum level density with speech spectrum
level density for adistance of 1.0 metersfrom talker'slipsto listener'sears. X
normal speech; raised speech; O loud speech; + shout speech; O idling semi-
TrUCK TraffIC NOISE. ...t nne e 98

5.16: Comparison of idling semi-truck traffic spectrum level density with speech spectrum
level density for adistance of 0.75 meters from talker's lips to listener's ears. X
normal speech; raised speech; [J loud speech; + shout speech; O idling semi-
TrUCK TraffIC NOISE. ..uveeie ittt esreenneennens 99

5.17: Comparison of idling semi-truck traffic spectrum level density with speech spectrum
level density for adistance of 0.5 meters from talker'slipsto listener'sears. X
normal speech; raised speech; [1 loud speech; + shout speech; O idling semi-
trUCK traffiC NOISE. ...veceieceeee e e 100

5.18: Comparison of idling car traffic spectral density with speech spectral density for a
distance of 1.0 meters from talker'slipsto listener'sears. X normal speech; raised
speech; O loud speech; + shout speech; O idling car traffic noise. ...........c.c........ 102

5.19: Comparison of idling car traffic spectrum level density with speech spectrum level
density for adistance of 0.75 meters from talker'slipsto listener's ears. X normal
speech; raised speech; O loud speech; + shout speech; O idling car traffic noise.



Figure Page

5.20: Comparison of idling car traffic spectrum level density with speech spectrum level
density for adistance of 0.5 meters from talker'slipsto listener'sears. X normal
speech;  raised speech; [ loud speech; +shout speech; O idling car traffic noise.

5.21: Masking profile due to a pure tone of 400 Hz at 80 dB. Datafrom Egan and Hake
(RS G TG 722 ) TS OSRSN 107



Symbols

NOMENCLAUTURE

band audibility

articulation index

active noise control

larger of N; or V,

boundary element method

upward slope of speech masking

transfer function between error microphone and secondary source
code of federal regulations

distance from talkers lips to speakers ears

reference distance

equivalent disturbance spectrum level

signal of the primary source measured at the error microphone
digital audio tape

speech spectrum level

equivalent speech spectrum level

measured signal at the error microphone

center frequency

insertion gain

transfer function of the controller

Xi



Xii

band importance function

level distortion factor

noise spectrum level

equivalent noise spectrum level

noise reduction rating

speech intelligibility index

speech intelligibility index

speech interference level

speech transmission index

equivalent hearing threshold spectrum level
traffic noise model

standard speech spectrum level for normal vocal effort
self-speech masking spectrum level
voltage input of the secondary source
voltage output of the error microphone
internal noise spectrum level

equivalent internal noise spectrum level

equivalent masking spectrum level



Xiii

IMPLEMENTATION REPORT

Sealed ANC headsets with directional microphone input produced a significant
increase in speech intelligibility. Subseguent investigations into modified ANC headsets
that improve the signal to noise ratio and thereby the speech intelligibility are suggested.
Advanced concepts should integrate adaptive al gorithms to achieve the project goals.
Feedforward algorithms are adaptive and therefore behave differently for different input
signals. Asastarting point, an adaptive algorithm may be placed between the directional
microphone and the sealed ANC headset configuration. 1f implemented properly, the filter
could provide significant improvements in speech intelligibility by selectively attenuate
traffic noise and preserving speech at alevel that does not overload the ear. Alternatively,
the single channel feedback algorithm of existing ANC control headsets could be replaced
by an adaptive ANC agorithm to yield similar results. Testing of various embodiments
with respect to comfort should be performed. Investigation into cost and reliability should
be addressed.

Thetoll plazamodel demonstrated that passive noise control solutions which
address the reflected sound field, do not substantially reduce the noise level. The modeling
approach did not account for coherent reflections that cause reverberation and resonance.
Dueto the statistically random nature of vehicle noise, it is a reasonable approximation to
use a source model assuming incoherent waves where phase is neglected. If resonance
conditions occur at the toll plaza, placement of absorbing material may have a more dramatic

effect than predicted by the model. It is suggested that the possible existence of resonance



Xiv

conditions be investigated in a subsequent study. On-site measurements at many locations
throughout the toll plaza could be used to investigate the presence of standing waves. The

results of the beam tracing method could be validated through on-site measurements.



1. INTRODUCTION

Vehicular toll roads are one component of many municipal transportation systems.
Toll collection facilities often include automated lanes and lanes with personnel working
inside abooth. The automated lanes serve customers with exact change or electronic meters
while the manual |anes serve customers with commercial vehicles and customers needing
change or directions.

Personnel working at toll collection plazas are exposed to extended, continuous
traffic noise. Previous studies of noise exposure levels for attendants working in Indiana
toll collection plazas indicated that the equivalent A-weighted sound pressure levels
experienced at the toll collection booths range between 52.5 to 84.2 dB (Arnold, 1998a,
1998b). While these values are below Occupational Safety and Health Administration
(OSHA) regulations for engineering and administrative controls, they suggest that in certain
cases a hearing conservation program may be required (National Archives and Records
Administration, 2001a). In addition, exposure to a duration greater than eight hours, asin
overtime labor or extended work shifts, may require further action.

Sustained noise levels of this nature may cause hearing loss, induce fatigue or stress,
and reduce worker productivity. The annoyance and discomfort related to continuous noise
exposure may create an unpleasant working condition and may affect the hospitality of the
tollbooth operators and their attitude toward customers. Furthermore, the noise level may
hinder communication with customers and may compromise safety. Reduction of the noise

level and an improvement in speech intelligibility are highly desirable.



Toll collection booths have certain features which are necessary for the business of
toll collections but alow the transmission of noise. Open communication windows, often
used in tollbooths, facilitate essential communication and monetary transactions. Typical
transactions between toll collectors and patrons involve charge cards, commuter cards, toll
tickets, and the exchange of cash. Direct visual and physical contact between patrons and
attendants is made possible by the open communication window. One disadvantage is that
vehicle noise generated outside the booth is easily transmitted into the booth via the open
window. The booth structure acts as a partialy open enclosure which may amplify road
noise due to sound reflections off of rigid surfaces and reverberation within the enclosure.

In thisinvestigation, the reduction of noise level and improvement of speech
intelligibility at the location of the tollbooth attendant were studied. The thesisin organized
asfollows. Chapter 2 isasummary of the background material and preliminary
investigation work. The beam tracing implementation used to model the sound field of the
Portage Barrier Toll Plazais presented in Chapter 3. Chapter 4 contains a discussion of
different toll plaza configurations and the results of the beam tracing sound field analysis
for each configuration. In Chapter 5, the speech intelligibility characteristics of active noise
control systems are discussed. Conclusions and recommendations are presented in Chapter

6.



2. BACKGROUND

Noise levelsin many different industrial settings are high enough to be a health
concern and to interfere with communication. Industrial environments with structures and
obstacles that cause sound to reflect, have sound fields that are similar to that within partially
open enclosures. Though the primary application of interest for this research study involves
tollbooths, the fundamental results are relevant to a general class of problems with similar
characteristics. Inthis chapter, a summary of the background work and details of the

literature review are included to place the subsequent work in the appropriate context.

2.1 Toll Collection Plaza Description

A typica toll collections facility, the Portage Barrier Toll Collection Plaza, was
selected as the test location due to its high traffic volume and high noise levels. Thetoll
plazaislocated at milepost 24 on UStoll road Interstate-90 which is west of Portage,
Indiana. Interstate-90 facilitates traffic movement in east and west directions. Detailed
information can be found in the blue prints of the facility (Indiana Toll Road, 1982). A
photograph of the toll plazais shown in Figure 2.1.

The toll plaza contains eleven tollbooths of two different sizes serving, at times, 12
lanes of traffic. The smaller tollbooths measure 3.05 meters long (10 ft) by 1.52 meters
wide (5 ft) by 2.44 meters high (8 ft) and are located on the extremes of the plazato serve

traffic movement in one direction. The larger tollbooths measure 4.57 meters long (15 ft)



by 1.52 meters wide (5 ft) by 2.44 meters high (8 ft) and are located at the center of the
plazato serve traffic movement in either direction. The structure of the booths is made of
aluminum and stainless steel. Each booth has two doorway openings. The main door is
open to assist patrons of thetoll road. The secondary door is near the back of the booth; it
is open when climatic conditions require. For the larger booths, the secondary door may
also be used for toll collection. The booths are set upon raised concrete curb footings. In
line with the booths, concrete crash impact barriers have been positioned in front of and
behind the booth. The lanes are surfaced in concrete. Approximately 4.88 meters (16 ft)
above the ground is an overhead canopy made of atubular metal framework with corrugated
metal sheets. The canopy has three main sections. The north and south ends of the canopy
are characterized by a high and steep angle opening towards oncoming traffic while the
center sectionisin asymmetric "A" configuration. Supporting the framework of the
canopy are twelve large concrete columns located between a few of the booths and the
respective crash impact barriers.

A preliminary inspection revealed that the booths were well built and did not appear
to substantially contribute to the noise. Sound transmission through the openings of the

tollbooths seemed to be the main noise issue.
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Figure2.1:  Photo of the north end of the Portage Barrier Toll Collection Plaza. View is
facing east.

2.2 Attendant Surveys

Two surveys were administered to tollbooth employees working at the Portage
Barrier Toll Collection Plaza. Questions were designed to be non biased and non leading.
The surveys were administered in a blind and anonymous manner. Twenty ninetoll plaza
employees completed each survey. A copy of the surveys and a table showings the results
areincluded in the Appendix. Further details of the surveys may be found in the article by
Feist, Mongeau, and Bernhard (2001).

2.2.1 First Attendant Survey



Thefirst survey was used to evaluate the employees subjective response to the

ambient noise levelsin their occupational environment. A graphical display of theresultsis

shown in Figure 2.2 and Figure 2.3. The results confirm that ambient noise is perceived as

undesirable and impedes communication between operators and patrons. While the noise

does not appear to induce physiological effects such as headaches, it may be responsible for

temporary threshold shifts which are a preliminary indicator of hearing damage. In

addition, the most annoying sources of noise were identified as semi-trucks and

motorcycles during braking, acceleration, and idling. It is noteworthy that some of the most

annoying sounds involve low frequency emissions.
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Figure 2.2: Evaluation of working conditions by tollbooth attendants.
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Figure2.3:  Rating of the annoyance of vehicle sound sources. Ratings were averaged
among all respondents. A rating of 5.0 indicates that the respondents
Srongly Agree that the noise emission of the particular vehicle is annoying,
arating of 3.0 indicates that the respondents are Undecided, and a rating of
1.0 indicates that the respondents Strongly Disagreethat the noise emission
of the particular vehicle is annoying.

2.2.2 Second Attendant Survey
In the second survey, tollbooth attendants were asked to evaluate a specific type of
open ear active noise control (ANC) headphone and rate its performance with respect to
noise reduction, speech intelligibility, and comfort. A graphical display of the results can be
found in Figure 2.4. The results show that the active headset was effective at reducing
ambient noise, but its ability to improve speech intelligibility could not be demonstrated.
While the headset was thought to be uncomfortable by those surveyed, the results suggest

that part of the discomfort was psychological and related to the appearance of the device.
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Figure 2.4: Evaluation of an ANC headset.

2.2.3 Survey Conclusions

The finding that environmental noise creates an unpleasant work environment and

hinders communication substantiates the concerns of the project sponsors and justifies

further investigation into potential noise control solutions for partially open enclosures. The

toll plazawill be modeled to investigate the nature of the sound field and the performance of

potential solutions.

Though the ANC headset did not clearly improve speech intelligibility, further

investigation is reasonable due to the positive noise reduction performance. The type of

ANC headset tested was aNCT Inc., Noise Buster Extreme. It isan open ear device built

for listening to music through a portabl e entertainment system. Open ear headsets do not

substantially suppress ambient noise through passive approaches such as circumaural cups.



Given its consumer focus, the attenuation performance is not as strong as that of more
industrial designs. Investigation of this and other ANC systems will focus upon noise

attenuation and speech intelligibility performance.

2.3 Potential Solutions

Potential noise control methods can be subdivided into two categories — passive
techniques and active techniques. In this section, an overview of the current technology of
each type of solution is presented. Once appropriate methods have been identified, the
performance of each can be evaluated, though a discussion of the performance evaluation

techniques is reserved for subsequent sections.

2.3.1 Passive Noise Control Techniques

Passive techniques for noise control can be based on mechanism of either reflection
or absorption. A variety of noise control texts and handbooks explain the mechanism
governing passive noise control and its effective application. A good introduction is
presented by Fader (1981). Thetexts by Irwin and Graf (1979) and Bies and Hansen
(1996) are suitable for amore advanced understanding. Practical information about
performance and implementation can by found in the handbook by Faulkner (1976).

A sealed tollbooth where the attendant communicates by means of a speaker
intercom system would alleviate many of the problems encountered. The sealed booth
would block the transmission of sound by reflecting the sound away from the operator
location. However, for reasons mentioned previously, thisis not conducive to the business

of toll collections.
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Creating barriers close to the vehicle locations that reflect the engine and exhaust
noise away from the tollbooth location is another implementation of passive noise control.
The frequency and attenuation performance of the barrier, however, depends upon its size.
Traffic noise has significant low frequency components. To adequately deal with the low
frequency sounds, the barrier would need to be large which entails considerable expense
and space. In addition, a barrier may increase the sound level by creating a near reflection.
A sound absorption treatment may be applied to the surface of the barrier to control
reflections. The frequency performance of the absorption material depends upon thickness.
Asagenera rule, asound absorption treatment must have athickness at |least 1/4 of the
wavelength of the lowest frequency of interest. To attenuate a 100 Hz tone, the material
should be nearly 1 meter thick.

Reasonable implementation of absorbing material on partial barriers and on the
exterior and interior of the tollbooths may reduce the effects of reflections and booth
resonance. However, control of low frequency sound may be difficult to achieve and the
transmission of noise through the open communication window will still present a problem.
Various reflecting and absorbing configurations will be tested through toll plaza modeling,.
Of particular interest is treatment of the canopy with sound absorption material, placement
of sound absorbing partial barriers, and treatment of the exterior of the tollbooths with

sound absorbing material.

2.3.2 Active Noise Control Techniques
An alternative approach to control low frequency soundsis by means of active
techniques. Many texts contain information on ANC. A good introduction is given by
Snyder (2000). Particularly clear and thorough discussions are presented by Nelson &
Elliot (1992, 1997). The reduction achieved by ANC works on the principle of
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superposition. When two identical waves, where one is shifted by a phase angle of 180
degrees from the other, are combined, the result is sound cancellation. Expanding upon this,
an active noise system is used to create a sound with the same amplitude but opposite phase
of an undesirable sound. When the two sounds are superimposed, the net result isa
reduction of the undesirable sound.

The single channel feedback approach is a promising ANC implementation for the
toll booth application. This approach isrelatively simple compared with other ANC
implementations, it iscommercially available, and quite robust in performance. In addition,
the feedback approach is particularly effective at attenuating low frequencies where the
passive techniques described in the previous section are usually weakest.

A single channel feedback ANC system consists of an error microphone, a
secondary source (loudspeaker), and a controller. A diagram of the system is shown in
Figure 2.5. The error microphone is positioned very close to and afixed distance from the
secondary source. Given this fixed distance, an electro/acoustical system transfer function
can be measured between the secondary source voltage input and the voltage output of the
microphone. This measurable transfer function is represented in terms of Laplace
transforms as

C(9) =V (Vin(9 (2.1)
Considering the entire system, the input to the error microphone is representative of a sound
field that contains a superposition of the primary source (the sound that is to be cancel ed)
and the secondary source. The Laplace transform of the primary source signal measured at
the error microphone will be designated D(s). The combined output of the microphoneis
sent to acontroller. The output of the controller drives the secondary source. The
measured transfer function of the controller in term of a Laplace transform will be

designated G(s). The controller operates to minimize the sound pressure at the error
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microphone. Asdepicted in the figure, the measured signal at the error microphone in terms
of Laplace transformsis

E(9) =D(s) + G(9 LIC(s) OE(9) . (2.2
which can be written as

E(9) =D(s) I/[1- G(9) LC(9)]. (2.3)
The signal at the error microphone will be a minimum when the denominator is a maximum.
Given ameasured electro/acoustical system transfer function between the acoustical

transducers, C(9), the greatest attenuation is gained by selecting a controller transfer

function G(s) that maximizes [G(s) OC(s)|.

D(s)

—> C(s) —> 21— E(s)

G(s)

Figure2.5:  Block diagram of the single channel feedback ANC system. Representation
modeled after Nelson & Elliot (1992, p. 211).

In aphysical sense, the controller operates by shifting the signal received at the error
microphone by 180 degrees, amplifying, and sending the inverted signal to the secondary
source and back to the error microphone. For ideal transducers, specifically transducers
with aflat phase response, the system would have no time lag due to processing. Therefore,

the high frequency limit of the ANC system would be determined by the delay due to the
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spacing between the error microphone and the secondary source. At awavelength equal to
twice the spacing, inverting and amplifying the signal will cause the gain at the error
microphone to be unbounded. In application, systems have lag due to the finite speed of
signal transfer, transducer inertia, and controller computational time. Therefore the first
instability occurs at a frequency lower than predicted for the ideal system. In addition,
actual transducers exhibit phase shifts and manufacturing inconsistencies which further alter
the instability points. To compensate for such instabilities, the controller must have again
less than one at the instability frequencies. While adigital controller may be used to correct
for the transducer phase anomalies to gain attenuation over a greater frequency range, the
additional complexity currently requires too much computational time and increases delay.
For efficiency and simplicity, analog controllers are often designed to only pass frequencies
below the first instability.

The potential of ANC systems to reduce low frequency sounds within reverberant,
partially open enclosures has been demonstrated in previous studies by Waters (1988) and
Waters and Bernhard (1989). The impact of such systems on speech intelligibility,
however, is not well understood. Since low frequency sounds can mask speech signals,
single channel feedback ANC system embodiments, which generally display a strong low
frequency attenuation, may increase intelligibility.

The single channel ANC implementations of interest include: multiple headset
configurations and an external configuration that can be mounted to the tollbooth. The
acoustic volume of control isrelatively small for ANC headsets since the acoustic pressure
is minimized in the immediate vicinity of the ear. An exposed view of the ANC arrangement
used in a headset is shown in Figure 2.6. The close positioning of the error microphone
and the secondary source in the headset configuration allows a broader band to be actively
attenuated. Therefore, the performance for ANC headsets isindicative of the best achievable

reduction for any single channel feedback ANC solution. While the external ANC system
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will have lower ANC attenuation due to physical limitations, it does not contain passive
components which may impede communication. Furthermore, the external configuration

has none of the comfort concerns associated with headsets. Investigation of ANC systems

will focus upon noise attenuation and speech intelligibility performance.

4

Figure 2.6: Photo of error microphone and secondary source on an exposed ANC headset.

2.4 Modeling of the Toll Plaza

After inspection of the toll plaza and analysis of the survey results, the optimal
acoustical layout of the plaza was considered. Modeling of thetoll plaza was proposed to
investigate the sound field and explore the effects of noise control strategies. Two

configurations were considered for the model: 1. a physical scale model and 2. a software
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based model. The reduced scale physical model limited test configuration in terms of
materials and geometries. A software model flexible enough to allow many configurations
was advantageous.

The standard commercially available acoustical software packages either utilize a
boundary element method (BEM), such as LMS SY SNOISE and Automated Analysis
Corporation COMET/Acoustics, or employ a beam tracing method such asLMS
RAYNOISE. An addition option, FHWA's Traffic Noise Model (TNM) software package,
was specifically designed for traffic noise predictions. TNM makes use of: 1. asimplified
geometric approach to model sound propagation and diffraction and 2. a database of ook
up tables for sources. BEM packages can model sound radiation from structural surfaces
aswell as propagation through air. The beam tracing method can model sound propagation
through air but cannot model sound radiation from structures. However, BEM programs
entail ahigh level of complexity. In contract of a beam tracing technique, BEM programs
require additional time necessary to construct the model, additional computational time, and
the results would be at alevel of complexity making it more difficult to ascertain the
fundamental concepts at work. At the other level of approximation, the FHWA Traffic
Noise Modél istoo simplistic and not flexible enough to model toll plaza noise control
strategies. For thisanaysis, the beam tracing method used within LMS RAYNOISE isa
good technique to evaluate the acoustics of the toll plaza. It contains the correct level of
approximation to efficiently and accurately model the toll plaza. In addition, RAYNOISE is

flexible enough to test the noise control strategies.

2.4.1 TheLMS RAYNOISE Software Package Theory
Three numerical methods for steady state acoustical modeling of non-curved

geometries are presented. The first two are common techniques. The third method isa
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hybrid of the previous two techniques and is the one implemented within LM S
RAYNOISE. None of these techniques account for diffraction in their original formulation.
The implementation of diffraction edgesis handled separately in LMS RAYNOISE and is
discussed at the end of this section. For more information concerning the different
numerical methods, refer to the RAY NOISE user's manual (LMS Numerical Technologies,
1998).

2.4.1.1 Mirror Image Source Method

The mirror image source method is a simple and accurate way to model sound
source and barrier interactions. In Figure 2.7, abasic mirror image source method
implementation is depicted. The mirror image source method treats a geometric bound as a
mirror. Animage source is positioned opposite of the source location as reflected by the
boundary. Theimage source is used to account for sound reflection resulting from the
boundary. Once the image sourceislocated, the boundary isremoved. A perfectly
reflecting boundary is modeled by assigning the source and the image source the same
amplitude and phase characteristics. Assigning alower strength and alagging phase to the
image source models aloss of energy and a boundary with a complex impedance.

The mirror image source method can be extrapolated to multiple sources, multiple
boundaries, and multiple orders of sound reflection. The major disadvantage of this
technique is the high level of computation necessary to correctly locate al of the image
sources and assign the correct characteristics to each image source. Due to the nature of the
calculation, the computational time increases exponentially with reflection order (LMS
Numerical Technologies, 1998, chap. 3.1). In addition, this technique does not model the
nearfield of the source. For further information about the method of image sources, refer to

Kuttruff (1997).
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Figure2.7: A single source and two geometric boundaries as modeled by a Mirror
Image Source Method implementation. Open circleisthe true source;
closed circles are the image sources.

2.4.1.2 Ray Tracing Method

The ray acoustics method, aso known as the geometrical acoustic method, models
sound wave propagation as rays much like light waves behavesin optics. For the reader
interested in the mathematical development of ray tracing, the text by Ziomek (1985) isa
good place to start. Advanced and though discussions can be found by Lunenburg (1964)
and Born (1964).

The ray tracing method is a more computationally efficient model of sound
propagation than the mirror image source method. Necessary for aray tracing model isthe
specification of a source, areceiver volume, and the any geometric boundaries. Reflection,
transmission, and absorption characteristics describe the boundary. Radiation and strength
characteristics are specified for the source. In the ray tracing method, the source energy is
divided into a discrete number of rays with energy assigned to the rays in a manner
consistent with the radiation directionality of the source. Theraystravel outward from the
source at the speed of sound; the ray strength is attenuated with distance due to spherical

divergence and absorption of the medium. Upon contact with a boundary, part of the



18

energy is absorbed, part of the energy is transmitted, and part of the energy isreflected in
accordance with the properties assigned to the boundary. The transmitted ray has the same
orientation as the original (unless the refraction of the boundary is specified) while the law
of specular reflection indicates the direction of the reflected ray. The energy of reflected
and transmitted rays are calcul ated from the assigned boundary characteristics. When the
energy of theray falls below a certain threshold, the ray is abandoned. Each ray is checked
to see whether it crosses areceiver volume. Rays crossing the receiver volume give a
measure of sound pressure level.

The major advantage of this technique is that computation time only increases
linearly with reflection order (LMS Numerical Technologies, 1998, chap. 3.1). However,
certain limitations are associated with this technique. The ray nature of sound waves and
therefore the ray tracing method is only a good approximation for high frequencies. For
accurate coherent source modeling, distance between the source and the receiver (whichis
also known as the characteristic length) should be less that the wavelength of sound emitted

by the source, (Weston, 1997) and (Felsen, 1997).

2.4.1.3 Beam Tracing Method

The beam method is quite similar to the ray tracing method. Asin the ray tracing
method, the source emits a finite number of rays. In the beam tracing method, though, aray
describes the center axis of abeam of radiation. The beams touch each other and form a
complete surface. The direction of beam propagation is determined by aray tracing
algorithm for the axis of the beam. The beamsincrease in cross-sectional area according to
spherical divergence. When the beam crosses areceiver point, the location of the crossing

is used to calculate the position of an image source. Accounting for losses due to medium
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attenuation, surface attenuation, and spherical divergence, the strength of thisimage source
is calculated.

In essence, the beam tracing function is used as an efficient way to identify the
position and strength of image sources. The image sources are used to cal cul ate sound
pressure level at the receiver points. The computational efficiency of the ray tracing method
is combined with the accuracy of the mirror image source method which makes this a good
choice for the toll plaza simulation problem. Even though this method is more accurate than
the ray tracing method, limitations exist with this approach. The beam tracing method is
most accurate when the wavelength is less than the characteristic distance. However, this
limitation involves coherent source modeling. Since vehicle noise has arandom
characteristic when averaged over an extended length of time, the phase angle of sound
pressure may be not important. Therefore, for this research, the incoherent source model is
more appropriate than the coherent source model. By neglecting the phase angle of sound
pressure, the energy is calculated without interference patterns. An additional limitation of
the beam tracing method, a phenomena known as cone narrowing, can occurs when the
beam intersects an interior corner boundary and the ray axis only accounts for one surface
interface (LM S Numerical Technologies, 1998, chap. 3.1). The manual describes methods
to statistically account for cone narrowing (LMS Numerical Technologies, 1998, chap. 3.1).
However, the toll plaza model will contain exterior geometries which should limit the effects

of cone narrowing.

2.4.1.4 LMSRAYNOISE Diffraction Technique

Diffraction involves the bending of sound waves passing over an obstacle. The
Kurze-Anderson method used in RAYNOISE is afirst order approximation utilizing the

single shortest path between the source and the receiver diffracting over abarrier edge
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(LMS Numerical Technologies, 1998, chap. 3.3). Inthisway, adiffraction edgeis
characterized by a discrete point of diffraction along the edge. The attenuation due to the
barrier is then the difference between the diffracted path length and the shortest path length
without the barrier present. To model edge effects at the toll plaza, the diffraction technique
used in RAYNOISE was deemed to be sufficient.

<

Figure2.8:  Diagram showing discrete diffraction paths over the top edge of abarrier.
Open circleisthe source; shaded circle isthe receiver.

2.5 Speech Intelligibility

Speech intelligibility involves the ability to understand speech communication in a
particular environment or through a particular system. Calculation of speech intelligibility
from physical parametersisthe primary areainterest for this research. The speech
intelligibility of possible noise control solutions such as ANC headsets may be objectively

measured through the use of a suitable method.
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2.5.1 Standard Intelligibility Calculation Methods

In this section, standard methods to calculate the intelligibility, articulation, or
interference of speech will be summarized. The most suitable method for calculating the
effects of the ANC systems on speech intelligibility will be identified. A brief overview of
the methods may be found in Crocker (1997b) and Tocci (1997). Theinterested reader is
referred to the compilation of papers reviewed by Hawley (1977) which contains a
comprehensive citation of the historically prominent worksin the field of speech
intelligibility.

The Speech Interference Level (SIL), as specified by ANSI S3.14-1977, isasimple
metric that estimates the degree to which a particular noise interferes with communication
(American National Standards Institute, 1977). Given adistance between atalker and a
listener and the SIL due to the background noise, the vocal effort for reliable communication
can be predicted. The sound pressure level for noise in the four octave bands with center
frequencies between 500 Hz to 4000 Hz are used for calculating the SIL. The metricis
obtained by averaging the four octave bands on an energy basis and expressing the result as
asound pressure level.

The Articulation Index (Al), as specified by ANSI S3.5-1969, utilizes a weighted
average signal to noiseratio (American National Standards Institute, 1969). While the Al
metric is historically rich and has been a popular standard for quite some time, it has been
replaced by the Speech Intelligibility Index (SI1) which will be discussed in afollowing
paragraph.

The Speech Transmission Index (STI) was proposed by Houtgast and Steeneken
(1984) as a metric to account for speech distortion due to enclosure reverberation.

Fundamental to the metric is the calculation of a modulated transfer function which indicates
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the degree of distortion due to reverberation. The reverberant noise and the interfering noise
are combined to develop an apparent noise level. Beyond the introduction of reverberant
noise, many of the calculation procedures follow earlier versions of the Al using asignal to
noise ratio technique.

The Speech Intelligibility Index (SI1) isthe most recently developed of the methods
described and was standardized in ANSI S3.5-1997 (American National Standards Institute,
1998). Simply, the Sl is aweighted average of the signal to noise ratio taking into account
overloading and masking effects. The SlI is specified for use with octave band, one third
octave band, or critical band data. The minimum data necessary includes the following: the
noi se spectrum per specified calculation band, the listener's hearing threshold per specified
calculation band, and the vocal effort of the talker. In addition, the SII can be used to
account for a system transfer function between the talker and listener, the type of speech
information, and the type of noise such as reverberant distortion.

For the purposes of evaluating the speech intelligibility of single channel feedback
ANC systems, the SlI isagood choice. The SlI is appropriately sophisticated to achieve
results highly correlated to actual communication situations. Since single channel feedback
ANC systems are non-adaptive, the attenuation islinear. Aslong asan ANC system
behaves linearly in the tested frequency bands, the effects of the ANC system can be
accounted for simply from its transfer function. Aswell as speech intelligibility
performance, the physical attenuation of each device for noise reduction purposesis also of
interest. The system transfer functions may used to evaluate the noise attenuation

performance of the ANC systems.

2.6 Summary
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Survey resultsindicate that noise at the toll plaza creates an unpleasant work
environment and hinders communication. Reasonable passive noise control strategies will
be modeled using a beam tracing method. To address improvements in speech intelligibility
along with additional noise reduction, ANC systemswill be explored. Various ANC
headsets and a prototype ANC system designed to be mounted to the tollbooth and create a
local region of attenuation will be evaluated. For the purposes of evaluating the speech
intelligibility of the ANC systems, the SII as set forth by ANSI S3.5-1997 will be used.
The system transfer functions will used to evaluate the noise attenuation performance of the

ANC systems.
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3. MODELING OF THE TOLL PLAZA

In this chapter, the application of the LMS RAY NOISE software package to model

the acoustics of the Portage Barrier Toll Plazawill be described.

3.1 Introduction

Appropriate and feasible noise control solutions can be best identified from a good
understanding of the sound field and nature of the sound transmission paths. A computer
model of the physical features of the toll plazais one possible approach to gain this
understanding. Computer models aso allow the performance of potential noise control
solutions to be assessed. A beam tracing method was employed, using LMS RAY NOISE.
This method was deemed appropriate and efficient for this study.

LMSRAYNOISE iswell suited for the evaluation of noise control strategies that
involve architectural changes. Strategies that will be discussed in Chapter 4 include the
treatment of the existing overhead canopy with sound absorbing materials, the
implementation of partial barriers with absorbing surface treatments, and the application of
sound absorbing material to tollbooth surfaces. In this chapter, the fundamental elements of
the computer model are described. The justification for key assumptions and for the

selection of different adjustable parametersiis discussed.
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3.2 Verification

Before proceeding with the analysis of atoll plaza, two simple models were
constructed to test the accuracy of the beam tracing technique employed within

RAYNOISE. The models were compared with known analytic solutions.

3.2.1 Veification Case 1

Ray acoustic models may be inaccurate for low frequency sources where the ray
approximation breaks down or for models with small characteristic distances — the distance
from the source to the first reflecting surface or to the receiver (Crocker, 1997a and Weston,
1997). Thefirst verification model was constructed to investigate these limitations.
Following standard modeling procedures, a 100 meters by 100 meters single element mesh
(plane) was created within AutoCAD. The plane was imported into RAYNOISE. A 100 Hz
coherent source was placed in the center of, and one meter above the plane. A receiver mesh
with dimensions 98 meters by 100 meters centered one meter above the source was created.
The sound pressure at node points of the receiver mesh was calculated in RAYNOISE. A
diagram of the model isincluded in Figure 3.1.

Code was written to obtain an analytical solution for the same configuration. The
theory and the analytic model are discussed by Kingler and Frey (1982). Aninfinite
reflecting plane was modeled using one mirror image source. The primary source and the
image source were identical monopoles. The sound field was calculated at the same
locations as those of the mesh points in the beam tracing model. The RAY NOISE sound
pressure level datawas imported into MATLAB and compared with the analytical solution
asdisplayed in Figure 3.2. Thereis an excellent agreement between the beam tracing
predictions and the analytic solution. Close to the source, there isa small discrepancy of

0.02 dB between the sound pressure levels which diminished as the characteristic distance
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increased. Low frequencies and small characteristic distances were not problematic for the
beam tracing case considered in this study. The accuracy of the predictions for this case

was adequate to simulate noise conditions at the toll plaza.

L

Figure3.1:  Casefor asimple source over a perfectly reflecting plane. Schematic of the
mesh and the receiver plane. The source was located at the coordinates (50,
50, 0.5) in meters, and the receiver plane was located at the Y -axis position of
50 meters.
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Figure3.2:  Comparison between the beam tracing predictions and the analytical solution
for asimple source over a perfectly reflecting plane. The differencein
sound pressure level in dB over the receiver planeis displayed.

3.2.2 Veification Case 2

Since arealistic model of atoll plazainvolves diffraction of sound around the
tollbooths, a second case was designed to investigate the edge diffraction technique used
within RAYNOISE. Following standard modeling procedures, AutoCAD was used to
create a plane of dimensions 200 meters by 200 meters with a barrier attached to and
positioned in the center of the plane. The barrier width was 10 meters, and its height was 3
meters. The AutoCAD generated surfaces were imported into RAYNOISE. A point source
was positioned in the center and perpendicular to the axis of the barrier, 0.5 meters above

the ground plane and 7.5 metersin front of the barrier. An ideal receiver was positioned in
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the center and perpendicular to the axis of the barrier, 3 meters above the ground plane and
30 meters behind the barrier. The top and both side edges of the barrier were specified as
diffraction edges, which means that the sound pressure in the shadow region of the obstacle
was calculated along these edges. The analysis was performed for one-third octave bands
center frequencies from 20 Hz to 20,000 Hz. Figure 3.3 includes a diagram of the model
for this verification case.

An approximate analytical solution for the same test situation was obtained based on
Lam's method using Kurze and Anderson's equations as presented by Muradali and Fyfe
(1997). Lam's method accounts for phase interactions, which is consistent with the coherent
source approach used within RAYNOISE. The method assumed an infinite reflecting plane
modeled using mirror image sources. All other parameters were the same as for the ray
tracing simulation.

A comparison between the ray tracing model predictions and the analytical result is
displayed in Figure 3.4. Thereisagood agreement between the RAY NOISE results and
the analytic solution over the frequency range between 125 Hz to 1600 Hz. There are
discrepancies at higher frequencies. The discrepancy are curious since both methods
approximate a diffraction edge using the single shortest diffraction path from point source

to point receiver. The accuracy of the model was again was deemed satisfactory.

O
D H
Figure3.3:  Diffraction by aplanar rigid barrier over areflecting plane. Schematic of the
problem geometry, side view. The sourceislocated at coordinates (0, -7.5,

0.5). Thebarrier islocated at Y=0. Thereceiver islocated at coordinates (0,
30, 3). All positions are in units of meters.
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Figure3.4:  Comparison between results obtained using a beam tracing simulation and
the K & A equation from Muradali and Fyfe (1997). The solid line
represents data obtained using Lam's method and the dashed line represents
data obtained using RAYNOISE.

3.3 Model Strategy and Assumptions

3.3.1 Model Design
Blueprints for the Portage Barrier Toll Collection facility were studied before
construction of the software model. The key elements of the plaza are the ground, the
tollbooths, the overhead canopy, and the supports for the canopy. The canopy supports

were omitted from the model for simplicity. Diffraction about the diameter would cause the
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presence of the supports to be acoustically negligible. Figure 3.5 shows the baseline toll
plaza model constructed using AutoCAD.

To prevent interior interactions from obscuring the analysis, the booths walls were
assumed to be solid, without communication window openings. The ground, the tollbooths,

and the overhead canopy were created as single el ement meshed surfaces within AutoCAD.

Figure 3.5: Baselinetoll plaza model constructed in AutoCAD.

3.3.2 Materia Properties
The acoustical properties of the construction materials for the key elements of the

toll plazawere considered in the analysis. The exterior of the boothsis comprised of
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aluminum and stainless steel. Corrugated metal sheets form the overhead canopy. Thetoll
plaza vehicular roadway is surfaced in concrete.

The Sabine absorption coefficient, the diffusion coefficient, and the sound
transmission loss specified over octave band center frequencies ranging from 63 Hz to 8000
Hz characterize different material properties. Material properties can be defined using a
material database built into RAYNOISE, or by entering user-defined values. By stipulating
both the absorption and the transmission coefficients of a surface, the reflection coefficient
isdefined. Diffusion characterizes the randomness of reflections in a non-specular way
resulting from surface corrugations and roughness. The effects of surface diffusion were
neglected, thus the diffusion coefficients for all materials were zero.

The acoustical properties of the two materials used are shown in Table 3.1. The
values for the ground was assigned based on typical Sabine absorption of concrete and a
transmission loss of concrete unfinished, 150 mm thick. To model the remaining metallic
objects of the plaza, a Sabine absorption of zero and atransmission loss of sheet metal steel,

0.7 mm thick were used. The material properties defined were deemed appropriate.
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Concrete

OctaveBand | 63 125 250 500 1000 2000 4000 8000
Center
Frequency
(H2)

Sabine 0.03 0.04 0.05 0.06 0.06 0.07 0.09 0.00
Absor ption

Transmission | 0 35 40 49 55 60 65 0
L oss

M etal

OctaveBand | 63 125 250 500 1000 2000 4000 8000
Center
Frequency
(Hz)

Sabine 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Absor ption

Transmission | 0 9 14 20 26 30 37 0
L oss

Table 3.1: Materia properties used to model elements of the Portage Barrier Toll Plaza.

3.3.3 Diffraction Edges
All of the vertical edges and all of the ceiling edges of the tollbooths were selected as
diffraction edges. Diffraction around the toll booths causes sound waves to penetrate
shadow zones that could not be reached by specular reflection. Since the canopy is not
along the path between the sources and the receivers, diffraction of sound around the
canopy edges does not contribute to the sound field. The remaining edges, the ground

edges of the tollbooths, obviously cannot contribute to diffraction.

3.3.4 Ambient Conditions
The air medium was assumed to be homogeneous and at rest, at the mean

temperature of 20 degree Celsius with a 50 percent relative humidity. Hence the speed of




33

sound was 343.325 meters per second. The possible effects of temperature gradients and

wind were not taken into account.

3.3.5 Source Spectrum

All sources were ideal spherical point sources, which are also called monopoles.
The sound power level spectrum, position, and radiation pattern of the spherical point
sources were specified. More complicated source patterns were built through the use of
multiple point sources.

Semi-trucks may cause the highest noise levels. Semi-trucks have two distinct
sound characteristics — idling and acceleration, each with a different level and frequency
spectrum. To model the source characteristics of the semi-trucks, the procedures utilized in
another prediction software package, FHWA Traffic Noise Model (TNM), were used (U. S.
Department of Transportation, 1998). In TNM, heavy trucks are modeled using a pair of
monopole sources. One source islocated at the ground level and the other source islocated
3.66 meters (12 ft) directly abovethefirst. The A-weighted sound pressure level in one
third octave bands for each monopole is specified at a distance of 15 meters from the
source.

To model an idling semi-truck, TMN datafor heavy trucks on average pavement
traveling at 16.09 kph (10 mph) under cruise throttle was used. To model an accelerating
semi-truck, TMN data for heavy trucks at 32.19 kph (20 mph) under full throttle were used.
Asinput to the RAYNOISE model, TNM one third octave band sound pressure level data
was converted to octave band sound power level data. The source values used are presented
in Table 3.2.

The locations of the semi-truck sound sources are shown in Figure 3.6. Inthe
center of each lane three semi-truck idle sources and one acceleration source were

constructed. Thefirst idling semi-truck was positioned central to the large toll booths and



just off center of the small tollbooths. The remaining two idling semi-trucks were placed
3.05 meters (10 ft) fore and aft of the center idling semi-truck. The accelerating semi-truck
was placed 6.10 meters (20 ft) aft the last idling semi-truck, consistent with normal traffic
flow.

Each semi-truck source was modeled with an incoherent source pair similar to that
used in TNM. The bottom source was assigned a uniform monopole radiation
characteristic, an octave band power level spectrum, and source height of 0.15 meters (0.5 ft)
above the ground. A height of 0.15 meters was used instead of the TMN prescribed height
of 0 meters, to prevent anomal ous transmissions through the ground of the model. The top
source was assigned a uniform monopole radiation characteristic, an octave band power
level spectrum, and source height of 4.57 meters (15 ft) above the ground as prescribed in
TNM.

Octave Band 63 125 250 500 1000 2000 4000 8000
Center
Frequency
(H2)

Idle Low 745714 | 81.9378 | 85.1124 | 86.7804 | 88.7490 | 88.0464 | 86.4313 | 81.0199
Sour ce (dB)

IdleHigh 76.1521 | 83.5185 | 86.6931 | 88.3611 | 87.7603 | 85.5476 | 83.9325 | 78.5211
Sour ce (dB)

Acceleration 77.8139 | 86.3631 | 89.6019 | 92.6019 | 95.6703 | 94.2228 | 90.1610 | 83.2050
L ow Source
(dB)

Acceleration | 79.2157 | 87.7649 | 91.0037 | 94.0037 | 94.8572 | 92.2801 | 88.2184 | 81.2623
High Source
(dB)

Table 3.2: The semi-truck source spectrum, sound power level.
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Figure 3.6:

Location of semi-truck sound sources within the basic model of the toll
plaza, top view.
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3.3.6 Receiver Locations

Receiver |ocations (microphone positions) must be specified. More complicated
receiver geometries are constructed by meshing a surface where the nodal locations created
by the meshing process define the location of point receivers.

At the toll plaza, the receivers of interest are tollbooth attendants' ears. To model the
noise experienced by the tollbooth attendants, receiver planes were defined at the locations
of the tollbooth open communication windows. To prevent anomalous transmissions
through tollbooth walls, the receiver point mesh was placed 0.15 meters (0.5 ft) in front of
the tollbooth surface. Figure 3.7 shows a diagram of the receiver plane locations. The
number of nodal points affects the level of resolution and the computational time. Asa
compromise between efficiency and accuracy, afour point mesh for each receiver field was

used. Four receiver points, one in each corner, were positioned at the window location.
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Figure 3.7: Location of receiver points within the baseline model of the toll plaza.

3.3.7 Calculation Procedures

There are two phases of RAYNOISE calculation. Thefirst phaseis more
computationally intensive and involves mapping the beam paths. The second phase involves
postprocessing the results into meaningful acoustic parameter. Thefirst step in the analysis
isto select the sources and the frequencies of interest. Then calculation parameters need to
be defined. The calculation parameters are divided into the following four classes:
propagation, echogram, histogram, and general. Information about the calculation
parameters can be found in the RAYNOISE Users Manual (LMS Numerical Technologies,
1998, chap. 9.5). Only the propagation and general subsets are important to the type of
analysis used. The default propagation settings were used: 2000 rays, 10" order reflection,
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2000 ms time window, and 90 dB dynamic range. The number of rays defines the number
of beams used to model each source. The reflection order defines the number of beam
reflections tracked in the analysis. The duration of the time window is the period in which
echoes are calculated for an echogram study. The dynamic range specifiesthe level at
which abeam is abandoned. In a convergence study, the number of rays was increased to
200,000 from the above value to investigate the accuracy of the predictions. For the test
case, there was no discernable difference. The selected general settings consisted of the
settings: no diffusion calculation, diffraction calculation, no tail compensation, and the
triangular beam method. The diffusion and diffraction settings are consistent with
previously defined material properties. Tail correction has no physical meaning in a exterior
model such asthis, and should not be used as explained in the RAYNOISE User's Manual
(LMS Numerical Technologies, 1998, chap. 3.1.6). Thetriangular beam method was
selected over the conical beam method, due to the higher accuracy of the triangular beam
method as explained in the RAYNOISE User's Manua Section (LMS Numerical
Technologies, 1998, chap. 3.1.4).

Asafina step, RAYNOISE environmental variables were investigated, to uncover
pertinent parameters that are not available in the standard calculation menus (LM S
Numerical Technologies, 1998, chap. 11.8). During this investigation, the
HIGHACCURCY parameter was chosen to increase the accuracy of the model results.
This additional test is used to avoid contributions of false image sources (LM S Numerical
Technologies, 1998, chap. 3.1.5 and 11.8.3.34).

3.3.8 DataAnaysis
To better utilize the RAY NOISE generated data, the results were exported into afree

format text file. A MATLAB function was constructed to read the free format text file and
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convert the datainto amatrix. Once the dataisin amatrix form it can be manipulated to

thoroughly investigate the noise conditions at the plaza.

3.4. Summary
Two validation cases demonstrated that the RAY NOISE has an adequate level of

accuracy to simulate the noise conditions at the toll plaza. Based upon anaysis of the
blueprints, physical elements such as the ground, tollbooths and overhead canopy were
modeled. Semi-truck sources and receivers at the communication window location were
defined. Detailed parameters affecting the type of calculation were reviewed.

The ground work for RAY NOISE modeling has been well established in this
chapter. The next chapter reports on the results of various RAY NOISE case studies. In
these case studies, the effects of architectural changes such as: the treatment of existing
overhead canopy with sound absorbing material, the implementation of partial barriers with
absorbing surface treatments, and the placement of sound absorbing material on the walls of

the tollbooths will be explored.
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4. DESIGN STUDY

4.1 Introduction

RAYNOISE iswell suited for evaluation of noise control strategies that involve
architectural changes. Reasonable implementations of passive noise control solutions for
the toll booth application discussed in Chapter 2 include sound absorbing treatment of the
existing overhead canopy, treatment of the tollbooth walls with sound absorbing material,
and implementation of partial barriers with absorbing surface treatments. Modeling of these

passive noise control solutions are discussed in this chapter.

4.2 Model Configurations

Fivetoll plaza models were created to test the performance of reasonable passive
noise control approaches. The location and properties of the ground, sources, and receivers
remained constant for all of the models as described in Chapter 3. The noise control

strategy was the only change from model to model

4.2.1 Reference Model
A mode of the existing toll plaza was created as described in Chapter 3. The model

isshown in Figure 4.1. Inthis model the ground, the tollbooths, and the overhead canopy



41

wereincluded. This model was constructed as the reference against which the performance

of all alterations would be assessed.

Figure4.1: Model of the Portage Barrier Toll Plaza used as the reference condition.

4.2.2 Absorbing Canopy
The canopy lies above both the sources and the receivers at the toll plaza. The
canopy may increase the sound level at the receiver |ocation by creating additional, overhead
reflections. To model a canopy with perfect sound absorbing treatment, the canopy was
removed from the model. A diagram of the model is shown in Figure 4.2. This model

represents the best achievable performance obtainable with surface treatments.
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Figure4.2:  Toll plazamodel with the canopy removed to simulate a perfectly absorbing
canopy.

4.2.3 Absorbing Partial Barriers

Reflecting barriers could be used to isolate sound sources in one lane of traffic from
the other lanes. Application of absorbing treatment on the barriersis used to reduce the
energy of reflections off of the barriers.

The test configuration included two dimensional barriers measuring 1.37 meters
(4.5) long by 1.21 meters (4') tall set 0.15 meters (0.5) away from the east side of the
tollbooths. Barriers measuring 1.37 meters (4.5") long by 1.21 meters (4') tall were placed
0.15 meters (0.5") away from the west side of the larger booths. Barriers measuring 2.90

meter (9.5") by 1.21 meters (4') tall were placed 0.15 meters (0.5) away from the west side
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of the small booths. The barriers were centered about the booths and parallel to the lanes of
traffic. A diagram of the model is shown in Figure 4.3. Often toll employees must cross
lanes of traffic. In such conditions, aclear view of the traffic lanesis necessary for safety.
The height of the barrier was selected to avoid obstructing the view of traffic. The length of
the barriers was selected to conform to the existing canopy supports.

The material properties of the barriers were assigned using the RAY NOISE material
database. A listing of the material propertiesisshown in Table4.1. To model aconcrete
partial barrier with sound absorbing surface treatment, the Sabine absorption of mineral
wool, 0.05 meters thick and the transmission loss of concrete unfinished, 0.15 meters thick
were used. These material properties are typical of the actual conditions of a high quality
implementation. The top and side edges of the barriers were designated diffraction edges to

model sound diffraction due to the barriers.



Figure 4.3: Toll plaza model with sound absorbing partial barriers.

Octave Band
Center
Frequency
(H2)

63

125

250

500

1000

2000

4000

8000

Sabine
Absor ption

0.40

0.39

0.45

0.56

0.59

0.61

0.55

0.50

Transmission
L oss

35

49

55

60

65

Table 4.1:

Table of the material characteristics assigned for the partial barriers with

sound absorbing treatment.
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4.2.4 Absorbing Treatment for the Tollbooths

To further explore passive noise control solutions, treatment of the tollbooth
surfaces with sound absorbing material was evaluated. Since tollbooths are parallel to one
another sound may reflect between adjacent booth walls. Similarly, semi-truck trailers have
reflective surfaces that are parallel to the tollbooth faces. By treating the tollbooth surface
with sound absorbing material, some of this reflected energy is absorbed.

The material property for the absorbing tollbooth surfaces was assigned using the
RAYNSOISE materia database. The materia property is shownin Table4.2. To model a
metal tollbooth with sound absorbing surface treatment, a Sabine absorption of mineral
wool, 0.05 meters thick and a transmission loss of sheet metal steel, 0.7 mm thick were
used. Thismateria property istypical possible for arealistic application condition. The

material property was assigned to all faces of each tollbooth.

Octave Band 63 125 250 500 1000 2000 4000 8000
Center
Freqguency

Sabine 0.40 0.39 0.45 0.56 0.59 0.61 0.55 0.50
Absor ption

Transmission | 0 9 14 20 26 30 37 0
L oss

Table 4.2: Material characteristics assigned for sound absorbing tollbooth walls.

4.2.5 Combined Modifications
The performance of the individual passive control approaches is not necessarily
additive. Since the application of sound absorbing material in one location may prevent
energy from reaching another location, the combined noise control approaches was tested as

aseparate case. To test the combined effects of a perfectly absorbing canopy, absorbing
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partial barriers, and absorbing tollbooth surfaces, afinal design model was created. The

model is shown in Figure 4.4.

Figure4.4:  Toll plaza model with perfectly absorbing canopy, sound absorbing partial
barriers, and absorbing treatment on the tollbooth walls.

4.3 Results and Analysis

Asdescribed in Chapter 3, the RAY NOISE models are processed for one active
source pair at atime and the results are exported to afile. Processing each model in
RAY NOISE involved computing the response of 48 source pairs for 9 octave band center

frequencies at 15 receiver planes each with 4 data points. Therefore the amount of data
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generated per caseis quite extensive. Thefiles are imported into MATLAB where the data
can be more readily reduced, analyzed, and compared.

In preliminary tests, it was demonstrated that the variation of sound pressure level
across each receiver plane (tollbooth operator window location) was small. To arriveat a
single representative sound pressure level for each window location, the energy of the four
data points for each window location was averaged using MATLAB.

Theinsertion loss for a noise control technique was calculated by subtracting the
level of the modified model from the level of the reference model for each corresponding
case. By this method, the reduction of noise at the plaza due to each passive technique can

be assessed.

4.3.1 Frequency Dependence

Thefirst stage of analysisinvolved evaluation of the insertion loss performance as a
function of frequency. Since the RAY NOISE analysis was performed using a single source
pair at atime, multiple vehicles can be simulated by summing the corresponding power
associated with each vehicle source case. Asastarting point for thisanalysis, all the vehicle
sources were activated. This condition is used to model full traffic which isthe worst noise
condition at the toll plaza. The sound pressure level and the insertion loss at each of the
window locations was analyzed as a function of frequency. Representative cases are shown
in Figures 4.5 and 4.6. Other results are collected in the Appendix.

Throughout all 15 window locations, there was a high degree of uniformity with
respect to the insertion loss results. The insertion loss did not vary more than 1 dB across
all nine octave bands for each window location. Furthermore the slight variation for all

window locations followed a consistent pattern.
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One decibel is considered the minimum difference in sound pressure level that can
be detected by human subjects. Since the frequency dependence was at most 1 dB at each
window location and often below that, the slight insertion loss variation with respect to
frequency isinsignificant. Thus, the overall sound pressure level was used in further model
analysis. The overall sound pressure level is calculated by summing the power of the octave
frequency band predictions. Use of the overall sound pressure level resultsin asingle,
frequency independent value which reduces the number of model parameters and makes
comparison of the results more straightforward.

While this test was performed to explore frequency dependence of insertion |oss,
information about the performance of the noise control techniques can be gained. The
partial barriers appeared to have no perceivable effect. All of the predicted insertion loss
datawere afraction adB. The perfectly absorbing sound treatment on the canopy often
yielded less than 1 dB of insertion loss with a maximum of 1.5 dB for select frequency
bands. Treatment of the booths produced an insertion loss which ranged from afraction of
adB to amaximum of 2 dB. The combined noise control solutions resulted in an insertion
loss that ranged between 1 to 3.5 dB. A more in depth analysis will follow with subsequent

studies.
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4.3.2 Investigating Individual Sources
In the prior section, all sources were activated as a starting point in the investigation
of noise control solutions. Beginning to delving into the details of noise control
performance, individual sources were activated and the overall level and insertion loss was
analyzed as a function of window position for each of the 48 source pairs. Representative
cases are shown in Figures 4.7 and 4.8. The results for the remaining source pair cases can

be found in the Appendix.
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For theidle sources, which are close to the tollbooth location, the level wasto least 5
dB and often 10 dB higher for windows in the lane where the source is |ocated than for
windows in other lanes. For the acceleration sources, which are farther from the tollbooth
location, the level was around 3 to 5 dB higher for windows in the lane where the source is
located than for windows in the adjacent lanes. The idle sources are relatively much closer
to the windows in the immediate lane than to any other window location. Since the
acceleration sources are not significantly closer to the windows in the active lane than to the
windows in the adjacent lanes, the level difference is not as dramatic.

The resultsimply that distance of the source to the receiver is an important factor in
the sound pressure level at the receiver location. Under normal plaza conditions, where each
lane is serving at least one vehicle, the sound field at the window locations appearsto be
dominated by the sound source in the lane being served. Thisimplies that the sourcesin
one lane often have little effect upon the level in another lane. To adequately deal with noise
due to normal traffic conditions, the solution has to address noise control in the active lane.

The analysis discussed in this chapter used semi-truck sources which are the most
extreme noise source at the toll plaza and of greatest interest. In reality, patrons of the toll
roads often use passenger vehicles. Since the level of passenger vehiclesisin general much
lower than that of semi-trucks, the direct field may be lessimportant in certain
circumstances where passenger vehicles coexist with semi-trucks. If theimmediate lane
serves a passenger vehicle and the adjacent lane serves a semi-truck, the sound field in the
immediate lane may have a significant contribution from the energy of the semi-truck. This
energy would propagate to the immediate |ane through reflection. Therefore absorbing
material may be more significant in this situation since the sound field has a greater
importance on reflected energy.

The mixed source scenario can be assessed with the test data of this section.

Examining the insertion loss at receiver |ocations adjacent to the lane with the active source



52

pair would be an idealized simulation of a semi-truck and a passenger vehiclein side by side
lanes. The partial barriers appeared to have an insertion loss than ranged from —2.5 dB to 2
dB in the adjacent lanes. The perfectly absorbing sound treatment on the canopy yielded O
dB to 4.5 dB of insertion loss in the adjacent lanes. Treatment of the booths produced an
insertion loss which ranged between 0 dB to 2.5 dB for the adjacent lanes. The combined
noise control solutions resulted in an insertion loss that ranged between —2 dB to 7 dB in
the adjacent lanes.

Furthermore, in such a situation were the immediate |ane serves a passenger vehicle,
the noise level is much lower than when the immediate lane serves a semi-truck. Dueto the
lower level, this situation does not exhibit the primary concerns of this research study such

as fatigue, hearing damage, and low speech intelligibility.
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4.3.3 Performance of Passive Techniques
To further evaluate the performance of the passive techniques, all sources were
activated in MATLAB. This represents the worst noise conditions, but a realistic condition
when the toll plazais crowded. The overal level and the insertion loss were evaluated as a
function of window position. The results are shown in Figures 4.9 and 4.10.
The partia barriers appeared to have no perceivable effect. All of the predicted
insertion loss data was a fraction of adB. The sound absorption of the barriers seemed to

be offset by the additional sound reflections and diffraction. Similarly, the perfectly
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absorbing sound treatment on the canopy yielded less than 1 dB of insertion loss for the
majority of the window locations. The negligible performance of the perfectly absorbing
canopy can explained by considering the path length. The path length from the source to
the receiver directly isrelatively short. Sound waves that strike the canopy and reflect back
to the receive have traveled a substantially greater distance. Due to spherical spreading,
pressure is reduced by an inverse law and energy is reduced by an inverse square law.
Therefore the level due to the reflected sound from the canopy becomes negligible when
compared to the direct field. For treatment of the booths the insertion loss was almost 2 dB
for the majority of the window locations.

Of all the noise control solutions tested, the combined approach yielded the highest
performance. With all noise control techniques combined, the insertion loss was typically
2.5t0 3 dB. Since this combined noise control configuration addressed treatment of every
aspect of the toll plaza except the ground reflections, it further demonstrates the importance
of the direct field. For the combined approach, the direct field accounted for all but 3 dB of

the sound pressure level.
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4.3.4 Veification of the Direct Field

In the previous two sections, results are presented which indicate the importance of
the direct field. To confirm the importance of the direct field two additional model
configurations were tested. The models consisted only of the toll plaza ground, the vehicle
sound sources, and the window receiver locations. The first model utilized semi-truck
sources as described in the previous sections while the second model used passenger car
sources which will be explained in this section. In MATLAB one lane of sources were
activated at atime. The overall level and theinsertion loss at the receiver locations of the

lane with active sources, only, were analyzed. The verification models follow a strategy
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where the ground behaves as in the reference model but every other aspect of the lane near
the sound source is perfectly absorbing with respect to sound.

Onelane at atime semi-truck sources were activated, and the insertion loss results
for the case with booths and canopy was compared to the case with no booths or canopy.
Representative results are shown in Figures 4.11 and 4.12. Reference the Appendix for
remaining results. The results were consistent across each lane, varying only afraction of a
dB. The results confirmed the previous conclusions and indicate that the direct field
accountsfor all but 3to 4 dB. While thisis a noticeable change, the noise control potential
islimited to these reductions and no greater insertion loss can be achieved without

controlling the source.
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Figure4.12: Insertion lossfor all sourcesin the fourth lane from the north, semi-truck
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To ensure that the insertion loss results obtained for semi-truck sources extend to
passenger vehicles, the lane source study was repeated for automobile sources. Every
aspect of the previous source model remained the same except the source height and
spectrum. Like the semi-truck source models, the automaobile source models were
constructed with reference to the TNM source model data. TNM models each automobile
with two sources, one at ground level and the other at 1.52 meters (5'). Like the semi-truck
source model, the lower source was moved to 0.15 meters (0.5") above ground level to
prevent anomal ous transmissions through the ground of the model. To model anidling
passenger car, TMN data for automobiles on average pavement traveling at 16.09 kph (10

mph) under cruise throttle was used. To model an accelerating passenger car, TMN datafor
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automobiles on average pavement traveling at 32.19 kph (20 mph) under full throttle was
used. The parameter selections were based upon the available options closest to the actual
conditions. Within MATLAB, the TNM one third octave band sound pressure level data
was converted to octave band sound power level data. The source valuesused in

RAY NOISE are presented in Table 4.3.

Octave Band 63 125 250 500 1000 2000 4000 8000
Center
Frequency
(H2)

IdleLow 55.4902 | 60.5765 | 62.2934 | 65.2934 | 67.8664 | 67.9038 | 62.5070 | 54.8704
Sour ce (dB)

IdleHigh 53.3641 | 58.4504 | 60.1673 | 63.1673 | 63.7646 | 55.1966 | 45.6051 | 37.9684
Sour ce (dB)

Acceleration 70.0928 | 74.9085 | 77.2934 | 81.0545 | 84.5933 | 83.9038 | 77.5070 | 70.4689
L ow Source
(dB)

Acceleration | 67.9668 | 72.7824 | 75.1673 | 78.9285 [ 80.3639 | 71.1966 | 60.6051 | 53.5669
High Source
(dB)

Table 4.3: The automobile source spectrum used in the direct field verification model.

Onelane at atime car sources were activated, and the insertion loss results for the
case with booths and canopy was compared to the case with no booths or canopy.
Representative results are shown in Figures 4.13 and 4.14. Reference the Appendix for
remaining results. The results confirm the previous conclusions and indicate that the direct
field accountsfor al but 2.5to 4 dB which isvery similar to the results obtained for semi-
truck sources. As mentioned previously, passenger cars produce a much lower level than
semi-trucks and as aresult do not produce that situations of greatest concern of this

research project.
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Figure4.14. Insertion lossfor al sourcesin the fourth lane from the north, car sources.
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4.4 Conclusions

The models predict that realistic implementation of passive sound absorbing
techniques will achieve peak reductions of 3 dB. Furthermore, the results suggest that the
direct field accounts for all but 3 to 4 dB of the sound pressure level experienced by the
tollbooth operators. While areduction of 3 dB is perceivable, it is not substantial. In
borderline circumstances, 3 dB may be enough to comply with noise exposure regulations
or improve the environment. However, to reduce the noise level significantly, the noise

control solution must address the direct field. ANC solutions that are intended to deal with
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the direct field and an evaluation of their effect upon speech intelligibility will be discussed
in the next chapter.

The modeling approach described in Chapter 3 and implemented in this chapter
does not account for coherent reflections that cause reverberation and resonance. Due to the
statistically random nature of vehicle noiseg, it is a reasonable approximation to use a source
model assuming incoherent waves where phase is neglected. If resonance conditions occur
at the toll plaza, placement of absorbing material may have a more dramatic effect than

predicted by the model.
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5. ACTIVE NOISE CONTROL SYSTEMS

5.1 Introduction

Active Noise Control (ANC) systems were investigated to address both
improvements in speech intelligibility and noise reduction. The potential of active noise
control systems to reduce low frequency sounds within partially open enclosures has been
demonstrated in previous studies by Waters (1988) and Waters and Bernhard (1989). The
impact of such systems on speech intelligibility, however, is not well understood.
Improvement may be possible if dominant low frequency sounds in traffic noise masks
speech signals and reducesintelligibility.

The investigation included three ANC headsets and a prototype ANC system
designed to create alocal region of attenuation. The systems utilize single channel feedback
algorithms. Single channel feedback ANC system embodiments generally display strong
low frequency but are not adaptive. For the purposes of evaluating the speech intelligibility
of the ANC systems, the Speech Intelligibility Index (SII) wasused. The Sl isaweighted
signal to noise ratio calculation that takes into account masking and overloading effects.
Furthermore, the Sl1 is appropriately sophisticated to achieve results highly correlated to
actual communication situations. Aslong as an ANC system behaves linearly in the tested
frequency bands, the effects of the ANC system can be accounted for simply from its
transfer function. The physical attenuation of each device for noise reduction purposesis
also of interest. The system transfer functions were used to evaluate the noise attenuation

performance of the ANC systems.
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5.2 ANSI Sl
An overview of the calculation procedures with emphasis on the fundamental
equations will be presented in this section. Further details may be found in the ANSI S3.5-
1997 standard (American National Standards Institute,1998).

5.2.1 Calculation Method

The standard specifies four calculation methods for the Sl (American National
Standards Institute,1998). Each method uses a different set of frequency bands. The
methods from highest to lowest level of sophistication utilize the following frequency
bands: 21 critical frequency bands, 18 one-third octave frequency bands, 17 critical
frequency bands, and 6 octave frequency bands. Further information may be found in
chapter 3.4 and 4 (American Nationa Standards Institute,1998). The one-third octave
frequency band method was used for thisinvestigation. The one-third octave bands range

from a center frequency of 160 Hz to 8000 Hz.

5.2.2 Input Data
The next step of the Sl calculation is the specification of input data. Three
procedures are available to predict the Sl accurately for different communication situations.
Thefirst procedure is for low reverberant environments where speech and noise are
independent and can be measured. The second procedure is for reverberant environments
where the speech signal causes echoes. Echoes are aform of speech distortion and

contribute to the overall noise. The third procedure isfor communication conditions that
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don't meet the necessary conditions for the first two procedures, namely conditions
involving a device with unequal amplification to each ear. Information concerning the
calculation methods for the input data, can be found in chapter 5 (American National
Standards Institute,1998). The necessary conditions of the first procedure, where the input
data are independent and measured, are satisfied at the toll plaza. Therefore thefirst
procedure for calculation of the input data was selected.

The input data for the Sl calculation are the equivalent speech spectrum level, the
equivalent noise spectrum level, and the equivalent hearing spectrum threshold level. The
speech spectrum level for the i frequency band, designated E. isthe measured speech level
for a1 Hz wide frequency band at the center frequency of thei™ frequency band.
Suggested speech spectrum levels are included in the standard for normal, raised, loud, and
shout speech vocal efforts. For situations where the speech is amplified or attenuated, an
equivaent speech level, E;, must be calculated from the speech spectrum levels and the
insertion gain of the speech amplification system. The insertion gain for the i frequency
band, designated G, is the system transfer function at the center frequency of the "
frequency band. The system transfer functions of interest for this study are the transfer
functions between the spectrum density levels with the ANC systems and the spectrum

density levels without the ANC systems. The equivalent speech spectrum level for thei™

E'=E -20 DLOG@% ﬁ+ G
0

where d isthe distance in meters form the talker'slipsto the listener's earsand d, isthe

frequency band is

(5.1)

reference distance, 1 meter.
In asimilar manner, the equivalent noise spectrum level for the i™ frequency band,

N, is
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N/=N, +G (5.2)
where N;,, the noise spectrum level, is the measured noise level for a1 Hz wide frequency
band at the center frequency of the i frequency band. The noise spectrum level is
measured at the location of the listener's head.

The equivalent hearing threshold spectrum level for the i frequency band,
designated T, is the arithmetic average of the hearing threshold level for al listeners of
interest. The hearing threshold level is defined according to standard audiometric practice
as the pure tone threshold level minus the reference level. The threshold level isameasure

of the deviation of a subject's hearing response from normal. Further details will be givenin

subsequent sections.

5.2.3 Calculation Procedures
The Sl1 is calculated using the following steps. The procedures are outlined in
chapter 4 and the physical description of the parameters is discussed in chapter 3 (American
National Standards Institute,1998).
Thefirst step is to calculate the self-speech masking spectrum level for the i
frequency band, V.,
V, = E/-24. (5.3)
The self-speech masking spectrum is a measure of the masking content in the speech signal.
The upward slope of speech masking is
C, =-80+0.6 B +100LOG(F) - 6.353 (5.4)
where B, isthelarger of N; or V, for thei™ frequency band and F, isthe center frequency
for thei™ frequency band as given in Table 3 of the standard (American National Standards
Institute,1998). The upward slope of speech masking accounts for the low frequency

masking of higher frequency information. Accordingly, the most complicated parameter,
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the equivalent masking spectrum level, can be computed. The equivalent masking spectrum
level accounts for the maskers. The equivalent masking spectrum level of the lowest
frequency band is

Z,=B, (5.5)
For all but the lowest frequency band, the equivalent masking spectrum level for the i

frequency band is

Z =10 DLOGQOO'EN" + ii1001@%+?‘32ECkELOG§0'89EF/F k %E
k=1

(5.6)

The equivaent internal noise spectrum level for the i™ frequency band, X/, is

X/ =X +T/ (5.7)
where X, isthe reference internal noise spectrum level asgivenin Table 3 (American
National Standards Institute,1998). The reference internal noise is the hypothetical external
masking sound which would produce the reference hearing threshold previously mentioned.
For convenience in audiometric testing, the reference hearing threshold is defined as0 dB
across al frequencies. However, the human ear does not exhibit a true hearing threshold of
0 dB referenced to 20 micro Pascals. The reference internal noise is used to correct the
hearing threshold.

The equivalent disturbance spectrum level for the i frequency band, designated D, ,
isthelarger of Z, or X/ for each of the frequency bands. Usually a higher speech level
entailsimproved intelligibility. However, at high levels the speech signal can overload the
ear. Thelevel distortion factor for the for thei" frequency band, L, is

L =1-(E -U, -10)/160 (5.8)
where U, isthe standard speech spectrum level at normal vocal effort as givenin Table 3 of
the standard (American National Standards Institute,1998). The upper value of L, islimited

to not exceed unity.
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The previous steps allow for the calculation of the band audibility function. For a
given frequency band, the audibility function indicates the percentage of the speech signal in
the band that isintelligible. It isameasure of the speech signal which isnot masked or
distorted for a given frequency band. The calculation of the band audibility function for the
i" frequency band is

A =L, O[(E/ - D, +150) /30| (5.9)
where the quantity in brackets islimited to values between 0 and 1. The band importance
function, ., isameasure of the percentage of information carried within a given frequency
band. Thereforethe Sli is

S:;h A (5.10)

5.2.4 Verification

Procedures were coded to calculate the SI1 using the one-third octave band
calculation method given the input data. A verification case for the code was used to
establish that all of the calculation steps were coded correctly. Annex C.2 includes a partia
calculation example for the one-third octave band method. This verification exposed an
error with the parameter C, as published in Table C.2 of the standard (American National
Standards Institute,1998). The calculations were checked a second time manually to
confirm the typographical error. This partial check established reliable coding of the first
few steps including the equivalent masking spectrum. Verification of the equivalent
masking spectrum level isthe only parameter where the calculation israther involved. The
coding of the remaining steps, none of which were difficult, was reviewed multiple times to

ensure correctness.
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5.3 Input Data Acquisition

As explained in the previous sections of this chapter, the three input data sets —
equivalent speech spectrum level, equivalent noise spectrum level, and equivalent hearing
threshold spectrum level — are necessary for the calculation of the SII. To account for the

effects of each headset configuration, the insertion gain due to the system was measured.

5.3.1 Calculation of System Insertion Gain

The insertion gain as specified in the standard is "the difference in decibels between
the pure-tone sound pressure level at the eardrum with the amplification/attenuation device
in place and the pure tone sound pressure level at the eardrum with the device removed’
(American National Standards Institute, 1998, chap 3.28). Theinsertion gain for each ANC
device can be measured as the transfer function of the device.

To obtain the insertion gain spectra, a head and torso simulator with microphones at
the ear locations was used. The head and torso simulator along with two high efficiency full
range loudspeakers were placed in the reverberant test room at Ray W. Herrick
Laboratories. A photograph of this configuration is shown in Figure 5.1. The reverberation
room was used to create a sound field of random incidence to minimize any directional
effects of the headsets. This configuration provided the most challenging environment for
noise control. Since the insertion gain, only, was calculated in the reverberation room, the
necessary conditions for input data calculations are not violated.

The input to the loudspeakers and the output from the microphones in the head and
torso simulator were connected to a professional grade computer sound card. A test signal
was played by the computer through the loudspeakers, and simultaneously, the response at

the microphones of the head and torso simulator was recorded. For each test signal,
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comparison of the response at the microphone with and without the headsets gives the
insertion loss of the device. To create consistent headphone placement, procedures from
ANSI S12.42-1995 for the fitting of circumaural hearing protectors were used (American
National Standards Institute, 1995, chap. 9.2.1).

For the TechnoFirst external system, a series of measurements were made with a
sound level meter to establish the position of the system with respect to the head for best
performance. Inthefina configuration, the speakers of the external ANC system were
placed 0.08 meters from the microphones of the head and torso smulator. Note that the
error microphones for the system are attached to the eye glasses. The system configuration
isdisplayed in Figure 5.2. To begin the test a calibrated tone generator was placed on each
of the microphones and the response was recorded to establish a calibration signal for the

system. Similarly, the noise floor of the test equipment was recorded.
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Figure 5.1: Photograph of the test configuration to obtain ANC system transfer functions.



74

Figure5.2:  Location of the TechnoFirst ANC system with respect to the head and torso
simulator.

5.3.1.1 Insertion Gain Test Signals
Three different 10 minute long test signals were created for calculation of the

insertion gain. Thefirst test signal was traffic noise. On November 21, 2000
approximately one hour of traffic noise was recorded at the Portage Barrier Toll Plaza. A
single microphone was centered near the rear doorway of the 3™ booth to the north and
positioned approximately 1.22 meters (4') above the floor. The microphone protruded
approximately 0.08 meters (3") from the rear of the booth to capture the sound of traffic
traveling on the lane to the south. At the rear of the tollbooth, vocal conversation levels were

minimal. The lane in which traffic noise was recorded served primarily semi-truck vehicles.
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The monaural recording was made with a portable digital audio tape (DAT) machine and
matching, scientific quality microphone and power supply. The sampling frequency of the
recording was 44,100 Hz with 16 bits of amplitude resolution. The level was calibrated at
the beginning and the end of the recording. The recording level was adjusted prior to
recording to be a maximum without clipping. The time domain data captured on the DAT
recorder was digitally transferred to the test computer through the professional grade sound
card. Dueto atraffic accident on a distant section of the toll road, there were periods of
intermittent traffic flow at the toll plaza during the recording. To create sounds from a
typical traffic pattern, two recorded sections were spliced to make a 10 minute wavefile.

The second test signal was random noise. The output of a random noise generator
was connected to the professional grade sound card. A 10 minute wave file was collected
with a sampling frequency of 44,100 Hz and an amplitude resolution of 16 bits.

The third test signal was speech. The lengthy monologue on track 6 of the
Stereophile Test CD contained male speech that was recorded with many different, quality
microphones (Holt, 1990). Thistrack was partially repeated once to create atest signal 10

minutes in length.

5.3.1.2 Processing Recorded Time Domain Data

MATLAB code was used to calculate the insertion gain for each device in terms of
one-third octave frequency bands. As discussed previously, the response signals recorded
at the microphones of the head and torso simulator along with a calibration tone and noise
floor were saved as wave files. MATLAB was used to load the calibration wavefile,
calculate a power spectral density viaa Fourier transform, and calibrate the level of the pure
tone. The remaining wave files were loaded into MATLAB and the data was converted to a

calibrated power spectral density. The calibrated frequency data was then converted using
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one-third octave band filters generated in MATLAB. The frequency response of the one-
third octave band filter is shown in Figure 5.3. The output of the one-third octave band
filters was converted to spectrum density levels as specified by the ANSI standard
(American National Standards Institute, 1998). The system transfer function for each
device configuration was then calculated by subtracting the spectrum density level data for
the signal without any ANC device from the spectrum density level at the head and torso
simulator with the device. From the insertion gain data, the input data were calculated as
described in the following sections. The signal to noise ratio was high for al of the
insertion gain measurements; in the frequency range of interest the noise floor was at |east

15 dB below the signal level and often 40 dB below the signal level.
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Figure 5.3: Freguency response of the one-third octave band filters.
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5.3.2 Calculation of the Equivalent Speech Spectrum Level

The equivalent speech spectrum levels were calculated using the standard speech
spectrum levelsincluded in the ANSI document (American National Standards Institute,
1998). For SlI calculations, it is recommended that the standard speech spectrum levels are
used unless data is available for a sufficient number of talkers sampled over a sufficiently
long duration. On average, it was believed that the distance between the speaker and listener
will be between 0.75 to 1 meter at the tollbooths. The shorter distance is representative of
the talker and listener leaning towards one another. The standard speech spectrum levels are

given for four vocal efforts: normal, raised, loud, and shout.

5.3.3 Calculation of the Equivalent Noise Spectrum Level

Three equivalent noise spectrum level sets were calculated using traffic noise
recordings from the Portage Barrier Toll plaza. Thefirst set wasindicative of typical traffic
sounds from semi-trucks including deceleration, idle, and acceleration vehicle conditions.
The traffic noise calibration wave file and thelO minute traffic noise wave file created for the
insertion gain calculation were imported into MATLAB. In MATLAB the calibrated traffic
noise file was filtered by one-third octave band filters. The noise spectrum level was
calculated from the one-third octave band outpui.

The second equivalent noise spectrum level set represented idling semi-trucks.
Communication at the toll plazawould primarily occur while the truck was stationary and
idling. Therefore, idling semi-truck noise would represent a realistic masking sound for the
toll plaza. The audio file of typical semi-truck sounds was reviewed multiple times and

edited. The result was over 5 minutes of various semi-truck idling sounds. In MATLAB
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this calibrated traffic noise file was filtered by one-third octave band filters. The noise
spectrum level was calculated from the one-third octave band output.

The final equivalent noise spectrum level set representsidling passenger cars. The
TNM source data used for RAY NOISE predictions was reviewed to establish a transfer
function between idling semi-trucks and idling cars. Thistransfer function was used to
convert the noise spectrum level for idling semi-trucks to a noise spectrum level for idling

cars.

5.3.4 Calculation Of Equivalent Hearing Threshold Spectrum Level
The standard specifies a reference hearing threshold spectrum level of 0 dB across
all frequencies. Thisisthe hearing threshold level spectrum for otologically normal
listeners between the ages of 18 to 30. Thisreference level was used instead of measuring

and averaging the hearing threshold spectrum level of tollbooth workers.

5.4 Analysis and Results

Three ANC headsets systems — the Noise Buster Extreme, the ProActive 1500, and
the ProActive 3500 — and one external ANC device designed to be mounted to the tollbooth
to create alocal region of attenuation were tested. Photographs of the ANC systems are
shown in Figures 5.4 through 5.7. The three ANC headset systems were manufactured by
NCT Inc. The Noise Buster Extremeis a partially open ear device built for listening to
music through a portable entertainment system. Open ear headsets do not suppress ambient
noise through passive approaches. The ProActve 1500 is an open ear designed for
industrial applications where the ear pads rest upon the user's ears. The ProActive 3500 isa

closed ear circumaural industrial design where the ear cups seal against the user's head. The
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closed ear design offers significant passive attenuation which provides further noise
attenuation at high frequency. The external ANC system is a prototype built by
TechnoFirst which is researching a similar configuration to be installed in airplane seats.
While the external ANC system will have less ANC attenuation due to physical limitations,
it does not contain passive components which may impede communication. The lack of

passive components additionally is often better for user comfort.

Figure 5.4: Photo of the NCT Noise Buster Extreme ANC Headsets.
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Figure 5.5: Photo of the NCT ProActive 1500 ANC Headsets.
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Figure 5.6: Photo of the NCT ProActive 3500 ANC Headsets.
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Figure5.7:  Photo of the TechnoFirst Prototype External ANC System and the head and
torso smulator.

5.4.1 Physical Attenuation Performance of ANC Systems

Asdescribed in section 5.3.1.2, MATLAB code was used to calcul ate the system
transfer function for each ANC system in terms of one-third octave bands. The results are
displayed graphically in Figures 5.8 through 5.11. The insertion loss performance of the
tested systemsis relatively immune to the type of input signal used. The systems behave
linearly and therefore meet the necessary conditions of the ANSI SlI calculation
procedures.

The NCT Noise Buster Extreme headset and the NCT ProActive 1500 exhibit

similar performance characteristics. Both have a maximum low frequency attenuation
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greater than 10 dB at 250 Hz. Both devices have amplification in the 50 Hz frequency
region and the 1000 Hz frequency region. The Noise Buster Extreme has higher frequency
attenuation than the ProActive 1500, which is aresult of passive components.

The NCT ProActive 3500 amplifies the low frequencies levels near 40 Hz.

However, the ProActive 3500 exhibits significant attenuation performance for the rest of the
frequency range. Much of the low frequency reduction isin excess of 20 dB with a
maximum of 40 dB at 3000 Hz.

The prototype external ANC system from TechnoFirst produced 10 dB of fairly
narrow band reduction at 200 Hz. Low frequencies and middle frequencies were amplified.
The TechnoFirst system did not display the passive high frequency noise reduction of the
headsets. In addition, some of the high frequency sounds were amplified due to near

reflections caused by the physical constructs of the TechnoFirst system.
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Figure5.8:  Transfer function for the NCT Noise Buster Extreme ANC headset, right ear
with the active noise control setting at the maximum position in terms of
one-third octave bands for different signals. — random noise signal; ..
speech signal; -- traffic signal.
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Figure5.9:  Transfer function for the NCT ProActive 1500 ANC headset, right ear in
terms of one-third octave bands for different signals. —random noise signal;
.. Speech signal; -- traffic signal.
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Figure5.10: Transfer function for the NCT ProActive 3500 ANC headset, right ear in
terms of one-third octave bands for different signals. —random noise signal;
.. Speech signal; -- traffic signal.
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Figure5.11: Transfer function for the TechnoFirst external ANC system, right ear in
terms of one-third octave bands for different signals. —random noise signal;
.. Speech signal; -- traffic signal.

5.4.2 Noise Reduction Performance

Attenuation performance for hearing protectorsis usualy givenin terms of asingle
number called the noise reduction rating (NRR). The calculation procedures are specified
in Title 40 of the Code of Federal Regulation (CFR) part 211.207 (National Archives and
Records Administration, 2001b). The testing procedures are adopted from ANSI S3.19-
1974 which describes a subjective method to assess the performance of hearing protectors
based upon hearing threshold levels (American National Standards Institute, 1974).

Adaptations were made to the NRR cal culation procedures to utilize objective rather

than subjective transfer function data. In addition, the summation of energy, when needed,
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was handled in an exact way instead of the approximate method described in the CFR.
Table 5.1 liststhe NRR as calculated viathe modified method. The results indicate that

only the NCT ProActive 3500 offers significant noise protection.

ANC System M odified NRR (dB)
NCT Noise Buster Extreme, Max setting 5

NCT ProActive 1500 1

NCT ProActive 3500 24

TechnoFirst external prototype 0

Table5.1: NRR for the ANC systems.

5.4.3 Speech Inteligibility Performance of ANC Systems

The Speech Intelligibility Index for a given communication system is a measure of
the percentage of the speech cues available to the listener in the presence of noise. The SlI
ranges from a maximum of 1.00 to a minimum of 0.00. According to the standard, poor
communication systems have a SlI below 0.45 while good communication systems have a
SlI1 above 0.75.

To investigate the overloading effect of high speech levels, the S for the four vocal
effort levels was cal culated with no system gain and no external noise. The results are
displayed in Table 5.2. The distance between the talker's lips and the listener's ears varied
from 0.5 metersto 1 meter. As expected, the results show a perfect SlI for the normal vocal
effort. Dueto overloading effects, the higher vocal efforts resulted in aslight decrease in

the SI1.
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System Distance (m) | Vocal Effort | Equivalent Equivalent Sl
Insertion Noise Hearing
Gain Threshold
None 1.00 Normal None Reference 1.00
None 1.00 Raised None Reference 1.00
None 1.00 Loud None Reference 0.97
None 1.00 Shout None Reference 0.92
None 0.75 Normal None Reference 1.00
None 0.75 Raised None Reference 1.00
None 0.75 Loud None Reference 0.95
None 0.75 Shout None Reference 0.90
None 0.50 Normal None Reference 1.00
None 0.50 Raised None Reference 0.98
None 0.50 Loud None Reference 0.93
None 0.50 Shout None Reference 0.88
Table 5.2: SlI results for no system gain, no external noise.

5.4.3.1 Speech Intdligibility Performance for Typical Semi-Truck Noise

The models were reevaluated with typical semi-truck traffic noise that included

decelerating, idling, and accelerating vehicle conditions. The results are displayed in Table

5.3. All of the SII scores are below 0.45. 1t may be inferred that the toll plazais a poor
communication environment, even for the highest vocal effort. In the presence of typical

semi-truck traffic noise, the vocal effort and the distance between the talker's lips and

listener's ears become highly important to speech intelligibility. Asshown in Figures5.12

through 5.13, the vocal effort and the distance affect the signal to noiseratio. In band

masking may be more important than low frequency masking.
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System Distance (m) | Vocal Effort | Equivalent Equivalent Sl
Insertion Noise Hearing

Gain Threshold

None 1.00 Normal Traffic Noise Reference 0.00
None 1.00 Raised Traffic Noise Reference 0.00
None 1.00 Loud Traffic Noise Reference 0.06
None 1.00 Shout Traffic Noise Reference 0.27
None 0.75 Normal Traffic Noise Reference 0.00
None 0.75 Raised Traffic Noise Reference 0.01
None 0.75 Loud Traffic Noise Reference 0.12
None 0.75 Shout Traffic Noise Reference 0.34
None 0.50 Normal Traffic Noise Reference 0.00
None 0.50 Raised Traffic Noise Reference 0.04
None 0.50 Loud Traffic Noise Reference 0.21
None 0.50 Shout Traffic Noise Reference 0.43

Table 5.3: Sl resultsfor no system gain, actual traffic noise.
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Though the communication environment is acoustically poor, communication may

be aided by other means such as gestures resulting in visual cues. The communication
between tollbooth operators and patrons of the toll road is often ssmple and of a known

context, which may improve information transfer. From observation, toll takers generally

communicate with loud or shouting vocal effort. Despite these efforts to communicate, the

number of incidences of miscommunication are high although communication is generally

accomplished.

The effects of the ANC systems on the Sl for tollbooth conditions was

investigated. Theresults are displayed in Table 5.4. Theresultsvary little from the
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previous case and suggest that all of the devices improve the Sl a negligible amount. The
system transfer functions equally affects both the noise spectrum and the vocal spectrum.
Since both spectrums are affected equally, the overall dominance of the noise remains.
Therefore the ANC systems do not directly improve the signal to noiseratio. The ANC
systems can only be used to reduce low frequency masking effects and level overloading
effects. The ProActive 3500 had the greatest benefit on the SII. Since the ProActive 3500
has high attenuation relative to the other active control systems, the results suggests that
overloading of the ear may be an important factor for speech intelligibility in toll plaza
applications. In some of the cases, the SI1 results went down with the use of NCT Noise
Buster Extremes, NCT ProActive 1500, and the TechnoFirst prototype. All of these devices
exhibit some amplification at particular bands. The dight decreasein intelligibility may be

due to overloading effects with select frequency band amplification.
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System Distance (m) Vocal Effort Equivalent Equivalent Sl
Insertion Gain Noise Hearing
Threshold

NB, Max 1.00 Normal Traffic Noise Reference 0.00
PA 1500 1.00 Normal Traffic Noise Reference 0.00
PA 3500 1.00 Normal Traffic Noise Reference 0.00
TechnoFirst 1.00 Normal Traffic Noise Reference 0.00
NB, Max 1.00 Raised Traffic Noise Reference 0.00
PA 1500 1.00 Raised Traffic Noise Reference 0.00
PA 3500 1.00 Raised Traffic Noise Reference 0.00
TechnoFirst 1.00 Raised Traffic Noise Reference 0.00
NB, Max 1.00 Loud Traffic Noise Reference 0.06
PA 1500 1.00 Loud Traffic Noise Reference 0.07
PA 3500 1.00 Loud Traffic Noise Reference 0.06
TechnoFirst 1.00 Loud Traffic Noise Reference 0.05
NB, Max 1.00 Shout Traffic Noise Reference 0.25
PA 1500 1.00 Shout Traffic Noise Reference 0.25
PA 3500 1.00 Shout Traffic Noise Reference 0.31
TechnoFirst 1.00 Shout Traffic Noise Reference 0.26
NB, Max 0.75 Normal Traffic Noise Reference 0.00
PA 1500 0.75 Normal Traffic Noise Reference 0.00
PA 3500 0.75 Normal Traffic Noise Reference 0.00
TechnoFirst 0.75 Normal Traffic Noise Reference 0.00
NB, Max 0.75 Raised Traffic Noise Reference 0.01
PA 1500 0.75 Raised Traffic Noise Reference 0.01
PA 3500 0.75 Raised Traffic Noise Reference 0.01
TechnoFirst 0.75 Raised Traffic Noise Reference 0.01
NB, Max 0.75 Loud Traffic Noise Reference 0.10
PA 1500 0.75 Loud Traffic Noise Reference 0.11
PA 3500 0.75 Loud Traffic Noise Reference 0.12
TechnoFirst 0.75 Loud Traffic Noise Reference 0.10
NB, Max 0.75 Shout Traffic Noise Reference 0.32
PA 1500 0.75 Shout Traffic Noise Reference 0.32
PA 3500 0.75 Shout Traffic Noise Reference 0.39
TechnoFirst 0.75 Shout Traffic Noise Reference 0.33
NB, Max 0.50 Normal Traffic Noise Reference 0.00
PA 1500 0.50 Normal Traffic Noise Reference 0.00
PA 3500 0.50 Normal Traffic Noise Reference 0.00
TechnoFirst 0.50 Normal Traffic Noise Reference 0.00
NB, Max 0.50 Raised Traffic Noise Reference 0.05
PA 1500 0.50 Raised Traffic Noise Reference 0.05
PA 3500 0.50 Raised Traffic Noise Reference 0.04
TechnoFirst 0.50 Raised Traffic Noise Reference 0.04
NB, Max 0.50 Loud Traffic Noise Reference 0.18
PA 1500 0.50 Loud Traffic Noise Reference 0.19
PA 3500 0.50 Loud Traffic Noise Reference 0.23
TechnoFirst 0.50 Loud Traffic Noise Reference 0.20
NB, Max 0.50 Shout Traffic Noise Reference 0.42
PA 1500 0.50 Shout Traffic Noise Reference 0.42
PA 3500 0.50 Shout Traffic Noise Reference 0.50
TechnoFirst 0.50 Shout Traffic Noise Reference 0.42

Table 5.4: Sl resultsin the presence of actual semi-truck noise.
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5.4.3.2 Speech Intdligibility Performance for Idle Truck Noise

Communication primarily occurs while avehicle is stationary and idling. Asa
realistic communication situation, idling semi-truck noise was used in the assessment of the
ANC systems. Theresultsare displayed in Table 5.5. Thereisadlight improvement, up to
0.03, inthe Sl results. The small improvement suggests that the average spectrum is
approximately the same as the idling noise spectrum. High acceleration levels are mostly
canceled by low levels as traffic approaches the tollbooth. As afurther investigation, the
idling semi-truck noise spectrum was compared to the various vocal effort spectrain

Figures 5.15 through 5.17.
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System Insertion Gain Distance (m) Vocal Effort Equivalent Noise Eﬂugl?gt Hearing Sl
Thresho

None 1.00 Normal Idle Truck Reference 0.00
NB, Max 1.00 Normal Idle Truck Reference 0.00
PA 1500 1.00 Normal Idle Truck Reference 0.00
PA 3500 1.00 Normal Idle Truck Reference 0.00
TechnoFirst 1.00 Normal Idle Truck Reference 0.00
None 1.00 Raised Idle Truck Reference 0.00
NB, Max 1.00 Raised Idle Truck Reference 0.00
PA 1500 1.00 Raised Idle Truck Reference 0.00
PA 3500 1.00 Raised Idle Truck Reference 0.00
TechnoFirst 1.00 Raised Idle Truck Reference 0.00
None 1.00 Loud Idle Truck Reference 0.07
NB, Max 1.00 Loud Idle Truck Reference 0.07
PA 1500 1.00 Loud Idle Truck Reference 0.08
PA 3500 1.00 Loud Idle Truck Reference 0.08
TechnoFirst 1.00 Loud Idle Truck Reference 0.06
None 1.00 Shout Idle Truck Reference 0.30
NB, Max 1.00 Shout Idle Truck Reference 0.27
PA 1500 1.00 Shout Idle Truck Reference 0.28
PA 3500 1.00 Shout Idle Truck Reference 0.34
TechnoFirst 1.00 Shout Idle Truck Reference 0.28
None 0.75 Normal Idle Truck Reference 0.00
NB, Max 0.75 Normal Idle Truck Reference 0.00
PA 1500 0.75 Normal Idle Truck Reference 0.00
PA 3500 0.75 Normal Idle Truck Reference 0.00
TechnoFirst 0.75 Normal Idle Truck Reference 0.00
None 0.75 Raised Idle Truck Reference 0.01
NB, Max 0.75 Raised Idle Truck Reference 0.02
PA 1500 0.75 Raised Idle Truck Reference 0.02
PA 3500 0.75 Raised Idle Truck Reference 0.02
TechnoFirst 0.75 Raised Idle Truck Reference 0.01
None 0.75 Loud Idle Truck Reference 0.14
NB, Max 0.75 Loud Idle Truck Reference 0.12
PA 1500 0.75 Loud Idle Truck Reference 0.12
PA 3500 0.75 Loud Idle Truck Reference 0.15
TechnoFirst 0.75 Loud Idle Truck Reference 0.12
None 0.75 Shout Idle Truck Reference 0.37
NB, Max 0.75 Shout Idle Truck Reference 0.35
PA 1500 0.75 Shout Idle Truck Reference 0.35
PA 3500 0.75 Shout Idle Truck Reference 0.42
TechnoFirst 0.75 Shout Idle Truck Reference 0.36
None 0.50 Normal Idle Truck Reference 0.00
NB, Max 0.50 Normal Idle Truck Reference 0.00
PA 1500 0.50 Normal Idle Truck Reference 0.00
PA 3500 0.50 Normal Idle Truck Reference 0.00
TechnoFirst 0.50 Normal Idle Truck Reference 0.00
None 0.50 Raised Idle Truck Reference 0.05
NB, Max 0.50 Raised Idle Truck Reference 0.06
PA 1500 0.50 Raised Idle Truck Reference 0.06
PA 3500 0.50 Raised Idle Truck Reference 0.05
TechnoFirst 0.50 Raised Idle Truck Reference 0.05
None 0.50 Loud Idle Truck Reference 0.24
NB, Max 0.50 Loud Idle Truck Reference 0.20
PA 1500 0.50 Loud Idle Truck Reference 0.21
PA 3500 0.50 Loud Idle Truck Reference 0.26
TechnoFirst 0.50 Loud Idle Truck Reference 0.22
None 0.50 Shout Idle Truck Reference 0.46
NB, Max 0.50 Shout Idle Truck Reference 0.45
PA 1500 0.50 Shout Idle Truck Reference 0.44
PA 3500 0.50 Shout Idle Truck Reference 0.53
TechnoFirst 0.50 Shout Idle Truck Reference 0.45

Table 5.5: SlI resultsin the presence of idle semi-truck noise.
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speech; O idling semi-truck traffic noise.
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5.4.3.3 Speech Intdligibility Performance for Idle Car Noise

TNM datawas used to develop atransfer function between idling semi-truck noise

and idling passenger vehicle noise. The Sl in the presence of car noise without ANC

systemswas investigated. A listing of the resultsis shown in Table 5.6. Car noise does not

pose a problem for speech intelligibility. This prediction is consistent with the survey

responses of the toll plaza employees discussed in Chapter 2. The various vocal effort

spectra are compared to idling car noise spectrum in Figures 5.18 through 5.20.



101

System Distance (m) | Vocal Effort | Equivalent Equivalent Sl
Insertion Noise Hearing

Gain Threshold

None 1.00 Normal Idle Car Reference 0.36
None 1.00 Raised Idle Car Reference 0.60
None 1.00 Loud Idle Car Reference 0.83
None 1.00 Shout Idle Car Reference 0.91
None 0.75 Normal Idle Car Reference 0.44
None 0.75 Raised Idle Car Reference 0.68
None 0.75 Loud Idle Car Reference 0.89
None 0.75 Shout Idle Car Reference 0.89
None 0.50 Normal Idle Car Reference 0.56
None 0.50 Raised Idle Car Reference 0.79
None 0.50 Loud Idle Car Reference 0.93
None 0.50 Shout Idle Car Reference 0.88

Table 5.6: Sl resultsin the presence of idle car noise.
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Figure5.20: Comparison of idling car traffic spectrum level density with speech spectrum
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5.4.4 Characteristics of Systems for Improved Communication
The predicted speech intelligibility results for toll plaza conditions suggest that
semi-truck noise tends to dominate the sound field and overload the ear. To addressthe
poor signal to noise ratio and the overloading effect, improved systems were investigated.

Realistic models and results are discussed in the following sections.

5.4.4.1 Concepts for Improved Communication Systems
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Modeling of adirectional microphone attached to a sealed ANC headset was
explored to improve the signal to noiseratio. The improved system was created to attenuate
environmental noise with the headset and selectively reinforce speech with a directional
microphone. Closed ear, sealed headsets offer strong passive noise reduction at high
frequencies. To attenuate all frequencies, a sealed ANC headset like the NCT ProActive
3500 isdesirable. Whilethe ANC headset reduces the level it does not directly increase the
signal to noise ratio. Directional microphones exhibit a greater sensitivity for soundsin a
particular direction than for omni-directional sounds. A realistic implementation of a dipole
directional microphone would yield a6 dB increase for sounds incident from the front.
Therefore frontal sounds, such as the vocalization from toll road patrons, would be
increased by 6 dB over the more omni-directional traffic noise. By attaching the output
signal of adirectional microphone to the acoustic drivers within aseal ANC headset, the
signal to noise ratio would be improved.

A 6 dB increase in signal over noise produces the same signal levels as reducing the
distance between the talker's lips and the listener's ears by afactor of two. The positive
speech intelligibility effects by decreasing the distance have been illustrated in previous
sections. Modeling analog filtersinline with the directional microphone offers further
control of the signal reaching the attendants ears. By filtering the signal, masking and

overloading effects can be further investigated.

5.4.4.2 Sealed Headset with Directional Microphone

The sealed ANC headset with a dipole directional microphone was modeled using a
0 dB insertion gain for the noise and amplifying the speech signal by 6 dB. Therefore the
noise level isthe same as that without the headsets, but the speech was increased by 6 dB.

This concept assumes that the microphone input would dominate the sound entering the ear
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cup of the headset and make the insertion gain of the sealed ANC headset negligible. It aso
assumes that the gain of the microphone system would be set to bring the noise level inside
the ear cup to the same level as the case with no noise control solution. The Sl results for
the improved systems are displayed in Table 5.7. Comparing the results from Table 5.5 and
Table 5.7, the use of a sealed ANC headset with a single dipole directional microphone can
yield asmuch asa0.20 increase in Sl1 for loud and shout vocal efforts which are common
at thetoll plaza. Thisimprovement is markedly better than that obtained for any of the
tested ANC systems.

5.4.4.3 Filtering the Directional Microphone Signal

Low frequency masking effects were investigated by modeling a high pass filter for
the directional microphone signal. The transfer function of the high pass filter attenuated
the 160 Hz to 315 Hz bands by 30 dB. These frequency bands were selected based upon
high noise level and low speech importance. The results are displayed in Table 5.7. Using
ahigh passfilter for the directional microphone signal seemsto improve the S, but often
less than 0.01.

A band pass filter was modeled using the low pass filter insertion gain with an
additional attenuation of 30 dB in the 6300 Hz to 8000 Hz bands. These frequency bands
were selected based upon high noise level and low band importance. The band pass filter
appeared to reduce the SI1. Low frequency sounds tend to mask higher frequency sound
more than high frequency sounds tend to mask low frequency sounds. The masking profile
dueto apuretoneisdisplay in Figure 5.21. Therefore attenuating high frequencies reduces
the amount of information and in turn the SI1 while attenuating low frequencies may slightly
improve the SI1. For traffic noise, the spreading effects of masking are only important

when a positive signal to noiseratio existsin band. Asan example, when 500 Hz noise
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dominates 500 Hz speech, the masking of effect of alower frequency sound are not as

significant as the poor signal to noise ratio at 500 Hz.
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Figure5.21: Masking profile dueto a pure tone of 400 Hz at 80 dB. Datafrom Egan
and Hake (1950, p. 623).

Overloading effects and amplitude control for the directional microphone signal
were modeled with a-5 dB insertion gain and aflat -10 dB insertion gain. Transfer
functions with greater attenuation not were not believed to be desirable. The greater the
attenuation of the directional microphone signal, the more significant the transfer function of
the sealed ANC headset becomes. In addition, the selected attenuation levels were near the
gain provided by the dipole directional microphone. A greater attenuation could cause the

toll booth attendant to speak at alevel too low for the toll road customer to understand. The
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results are displayed in Table 5.7. Reducing the level of the sound entering the ear
improved the SII by as much as 0.05. Thisis approximately the same improvement in Sl|
observed for the NCT ProActive 3500 as demonstrated in Table5.5. The resultsindicate
that overloading is more important than low frequency masking.

Asafinal study, the low pass filter was combined with the flat —10 dB insertion
gain. Theinsertion gain characteristics were—30 dB in the 160 Hz to 315 Hz frequency
bands, with —10 dB in the remaining frequency bands. The results are displayed in Table
5.7. The combined filter seemsto improve the Sl1, but less than 0.01 over the level control

alone. The results confirm that overloading is more important that low frequency masking.
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System Insertion Distance Vocal Equivalent Equivalent Hearing | Sl
Gain (m) Effort Noise Threshold

Sealed Headset with 0.75 Norma Idle Truck Reference 0.02
Directional Mic

System with high pass 0.75 Normal Idle Truck Reference 0.02
filter

System with band pass 0.75 Normal Idle Truck Reference 0.02
filter

System with 5 dB 0.75 Normal Idle Truck Reference 0.02
reduction

System with 10 dB 0.75 Normal Idle Truck Reference 0.02
reduction

System with 10 dB 0.75 Normal Idle Truck Reference 0.02
reduction and high pass

Sealed Headset with 0.75 Raised Idle Truck Reference 0.09
Directional Mic

System with high pass 0.75 Raised Idle Truck Reference 0.09
filter

System with band pass 0.75 Raised Idle Truck Reference 0.09
filter

System with 5 dB 0.75 Raised Idle Truck Reference 0.10
reduction

System with 10 dB 0.75 Raised Idle Truck Reference 0.10
reduction

System with 10 dB 0.75 Raised Idle Truck Reference 0.10
reduction and high pass

Sealed Headset with 0.75 Loud Idle Truck Reference 0.31
Directional Mic

System with high pass 0.75 Loud Idle Truck Reference 0.31
filter

System with band pass 0.75 Loud Idle Truck Reference 0.30
filter

System with 5 dB 0.75 Loud Idle Truck Reference 0.32
reduction

System with 10 dB 0.75 Loud Idle Truck Reference 0.34
reduction

System with 10 dB 0.75 Loud Idle Truck Reference 0.34
reduction and high pass

Sealed Headset with 0.75 Shout Idle Truck Reference 0.52
Directional Mic

System with high pass 0.75 Shout Idle Truck Reference 0.53
filter

System with band pass 0.75 Shout Idle Truck Reference 0.50
filter

System with 5 dB 0.75 Shout Idle Truck Reference 0.55
reduction

System with 10 dB 0.75 Shout Idle Truck Reference 0.57
reduction

System with 10 dB 0.75 Shout Idle Truck Reference 0.57

reduction and high pass

Table 5.7: SlI results for improved systemsin the presence of idle semi-truck noise.
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5.4.4.4 Directiona Microphone Directivity Index

To make significant improvements to the speech intelligibility at the toll plaza, a
system should create a positive signal to noise ratio and must attenuate the level reaching the
ears to minimize overloading effects.

The microphone directivity index needed to produce a good communication system
for normal vocal effort was explored. A pair of microphones spaced 0.03 meters and
positioned in a dipole configuration creates the 6 dB gain for on axis sounds versus omni-
directional sounds discussed in the previous sections. Sets of dipole microphones can be
used to create a higher order configuration with greater directivity. A distance of 0.75
meters between the talker's lips and the listener's ears was selected for thisinvestigation. To
address overloading effects, greater attenuation was used than in the previous study. The
signal amplitude was set such that noise with the headset is 20 dB below the noise level
without the headset. The experienced noise level with the tested system, therefore, is near
that with a sealed ANC headset alone. The directional microphone configurations will
augment the speech above this noise level. Again, it was assumed that the microphone input
would dominate the sound entering the ear cup of the headset and make the insertion gain of
the sealed ANC headset negligible. Though not asjustified as in the previous study, such
an assumption is satisfactory for thisidealized study. Result of the investigation are
displayed in Table 5.8. The results show that a high order directional microphone with a
directivity index of 36 dB is sufficient to create agood communication system under normal

vocal effort and realistic distances with 20 dB of microphone signal attenuation.
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Directivity
Index (dB)

System
Insertion Gain

Distance

(m)

Vocal
Effort

Equivalent
Noise

Equivalent
Hearing
Threshold

Sl

6

Sealed Headset
with Directiona
Mic and 20 dB
reduction

0.75

Normal

Idle Truck

Reference

0.02

12

Sealed Headset
with Directional
Mic and 20 dB
reduction

0.75

Normal

Idle Truck

Reference

0.08

18

Sealed Headset
with Directiona
Mic and 20 dB
reduction

0.75

Normal

Idle Truck

Reference

0.26

24

Sealed Headset
with Directional
Mic and 20 dB
reduction

0.75

Normal

Idle Truck

Reference

0.46

30

Sealed Headset
with Directiona
Mic and 20 dB
reduction

0.75

Normal

Idle Truck

Reference

0.65

36

Sealed Headset
with Directional
Mic and 20 dB
reduction

0.75

Normal

Idle Truck

Reference

0.80

Table 5.8: SlI results for improved systemsin the presence of idle semi-truck noise.

As aconcluding thought, the changesin level produced by the improved ANC

headset configurations may make it more difficult for customers to understand toll road

employees. Upon wearing the headset, the noise level islowered and the speech is easily

understood. The tollbooth employee may be inclined to speak with a normal vocal effort.

At thislevel, the employees speech will be overpowered by the traffic noise and will not be

intelligible to the toll road patrons. To address this potential problem, loudspeakers could

be attached to the tollbooth which could be used to reinforce the speech of the tollbooth

employee.
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9.5 Summary
The ANSI SII calculation procedures for the one-third octave band method and

direct measurement of the input data were coded. The insertion gain of three ANC headsets
and an external ANC system was measured in the presence of threetest signals. The NRR
for the headsets was cal culated in a modified manner to account for the objective transfer
function data obtained for each system. The NCT Noise Buster Extreme produced a NRR
of 5whilethe NCT ProActive produced aNRR of 24. The remaining systems did not yield
noteworthy NRR scores.

Without any of the ANC systems used, which is the current condition at the toll
plaza, the SI results indicated that the environment was poor with respect to communication
in the presence of semi-truck noise. With the system transfer functions of the ANC
systems added, the Sl changed very little. The results suggest that the semi-truck traffic
noise level at the toll plaza overpowers the speech spectrum level and creates alow signal to
noise ratio. The resultsfor idle car noise show that passenger cars noise does not present a
problem for speech intelligibility.

Improved systems which increased the signal to noise ratio were modeled and
tested. The resultsindicate that use of a sealed ANC headset with a single dipole directional
microphone yield a significant improvement in S1, as much a0.20 increase, for vocal
efforts which are common at the toll plaza. In the context of speech intelligibility in the
presence of toll plazanoise, it was found that level overloading effects are more significant
than low frequency masking and must be addressed in the solutions. Results from higher
order microphone directivity investigation demonstrated that a good communication system

(aSll of 0.75 or above) is achievable for normal vocal effort.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this chapter, conclusions drawn from this research and recommendations for

future work will be presented.

6.1 Conclusions

Survey results confirmed that noise at toll plazas creates an unpleasant work
environment and hinders communication. The results also suggest that the level may be
near levels known to cause hearing damage. Passive noise control solutions were
considered including: construction of partial barriers with a sound absorbing surface
treatment, application of sound absorbing material to the overhead canopy, and treatment of
exterior tollbooth walls with sound absorbing material. A beam tracing method was
employed to model the noise conditions and test reasonabl e architectural noise control
solution.

Verification studies suggested that beam tracing methods offer the potential to
accurately model the ambient conditions around toll plazas and to evaluate the impact of
possible noise control solutions. A detailed model of a specific, existing toll plazalocated
near Portage, Indiana was developed. The model considered the effects of the tollbooths,
the canopy, ground reflections, diffraction around obstacles, and sound absorption from
different materials. Asaworst case scenario, semi-truck sources for idling and accelerating
conditions were assumed. Source strengths were established using FHWA's TNM

software.
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The plaza model results suggest that the maximum achievable noise reduction using
passive methods is 3 dB, a noticeable but rather modest decrease. 1n borderline
circumstances, 3 dB may be enough to comply with noise exposure regulations or improve
the environment. The results further suggest that the direct field accounts for al by 3to 4
dB of the sound pressure level experienced by the tollbooth operators. To reduce the noise
level significantly, noise control solution must be aimed at reducing the direct field. The
modeling approach did not account for coherent reflections that cause reverberation and
resonance. |If resonance conditions occur, placement of absorbing material may have a more
dramatic effect than predicted by the model.

The performance of single channel feedback ANC systems was investigated. Such
devices address some of the weaknesses inherent in passive noise control solutions,
however the impact of such systems on speech intelligibility is not well understood. The
Sl calculation procedures for the one-third octave band method and direct measurement of
the input variables was used to assess improvements in speech intelligibility of the ANC
systems (American National Standards Institute, 1998). The insertion gain of three ANC
headsets and one external ANC system was measured. The attenuation for the external
device was found to be 10 dB over a narrow frequency band. The open ear ANC headsets
achieved comparable reduction at low frequency, but the band width of reduction was much
broader. The open ear headsets also yielded high frequency attenuation due to their
physical constructs. The closed ear ANC headset achieved impressive low frequency
attenuation around 20 dB and high frequency attenuation of nearly 40 dB. The NRR of the
systems was cal culated accounting for the transfer function data obtained for each device.
The NCT Noise Buster Extreme NRR was found to be around 5 while the NCT ProActive
NRR was 24. The remaining systems had NRRs around zero.

Traffic noise recorded at the toll plaza was used to cal cul ate the noise spectrum for

determination of the SII. For the current conditions at the toll plaza, the Sl indicated that
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the environment was poor with respect to communication. Accounting for the effects of the
ANC systems, the Sl changed very little. The results suggest that the traffic noise level at
the toll plaza overpowers the speech spectrum level and creates alow signal to noise ratio.
Three different traffic scenarios were considered: average semi-truck traffic, idle semi-truck
traffic, and idle car traffic. Theidle vehicle states were believed to me the most
representative of the actual communication conditions. The results for idle car noise
suggest that passenger cars noise does not present a problem for speech intelligibility.
Improved systems which increased the signal to noise ratio were modeled and
tested. The resultsindicate that use of a sealed ANC headset with a dipole directional
microphone yield a significant improvement in Sl1, as much as a 0.20 increase for vocal
efforts which are common at the toll plaza. 1t was found that level overloading effects are
more significant than low frequency masking. Results from and investigation into higher
order microphone directivity demonstrated that a good communication system (a Sl of 0.75

of above) is achievable for normal vocal effort.

6.2 Recommendations

It is suggested that the possible existence of resonance conditions be investigated in
a subsequent study. On-site measurements at many locations throughout the toll plaza
could be used to investigate the presence of standing waves. With on-site measurements,
the results of the beam tracing method could be validated.

Subseguent investigations into modified ANC headsets that improve the signal to
noise ratio and thereby the speech intelligibility are suggested. Advanced concepts should
integrate adaptive algorithms to achieve the project goals. Feedforward algorithms are
adaptive and therefore behave differently for different input signals. Asastarting point an

adaptive algorithm may be placed between the directional microphone and the sealed ANC
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headset configuration as discussed in Chapter 5. If implemented properly, the filter could
provide significant improvements in speech intelligibility by selectively attenuate traffic
noise and preserving speech at alevel that does not overload the ear. Using such a
configuration the signal to noise ratio could be improved over the 6 dB increase dueto a
dipole directional microphones aone. Alternatively, the single channel feedback algorithm
of existing ANC control headsets could be replaced by an adaptive ANC algorithm to yield
similar results. Due to the adaptive nature of the systems, jury testing may be necessary to
establish speech intelligibility performance. After an implementation has been identified
which significantly improves the speech intelligibility at the toll plaza, testing of various

embodiments with respect to comfort should be performed.
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Appendix A: Toll Road Employee Surveys

A.1l Survey 1 and Results
This section includes the first survey distributed to toll road employees and the

results.
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Noise Survey

Thelnstitute for Safe, Quiet, and Durable Highways
Herrick Laboratories
Purdue University — West L afayette Campus

How old areyou?
a) 16- 25 years b) 26 - 35 years c) 36-45 years d) 46 - 55 years €) 55+ years

How long have you worked regularly in a tollbooth?
a) 0- 6 months b) 7-12months  ¢) 1-2years d) 2-5years €) 5+years

Do you have known hearing loss?
a) Yes b) No

Wher e do you spend the majority of your time whileworking? (If you work in multiple
positions, please select the position you work at the most and answer the rest of the questions with
that position in mind.)

a) Body entirely in atoll-booth

b) Body partialy in atoll-booth

c) Body entirely outside of atoll-booth, but still near the road
d) Most time spent outdoors away from the tollbooths

€) Most time spent indoor, but not in atollbooth

How long are the work shiftsduring which you ar e exposed to traffic noise?
a) 0—2Hours b) 4 Hours c) 6 Hours d) 8 Hours €) Morethan 8 Hours

With respect to noise, how would you consider the conditions under which you
normally work ?
a) Very Poor b) Poor c) Satisfactory d) Good €) Excdlent

Thistype of vehicle s noise emissionsis annoying. (For each of the blanks below write
theletter a, b, ¢, d, or ethat corresponds to your answer.)

a) Strongly Agree  b) Agree ¢) Undecided d) Disagree €) Strongly Disagree
Semi-Trucks ___ Braking __Accelerating ___ldling
Buses and Delivery Trucks ____ Braking ____Accelerating ___ldling
Cars, Vans, SUVs ___ Braking __ Accelerating __Idling
* Motorcycles ___ Braking __ Accelerating __Idling

Please indicate any other type of vehicle noise that you find annoying.

Do you get noise induced headaches at work?
a) Very Frequently b) Freguently c¢) Occasionadly d) Rarely €) Very Rarely f) Never

Do you get headaches while not at work?
a) Very Frequently b) Frequently ¢) Occasiondly d) Rarely €) Very Rarely f) Never

With respect to noise at work, do your ears often feel “tired” after work?
a) Very Frequently b) Freguently c¢) Occasionadly d) Rarely €) Very Rarely f) Never
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12. Asaresult of background noise, do you often find it difficult to communicate with
drivers?
a) Very Frequently b) Frequently c¢) Occasionadly d) Rarely €) Very Rarely f) Never

13. What other noiserelated problems do you encounter at thetoll plaza?

14. Would you object to theidea of communicating with driversthrough a speaker?
a) Yes b) No

Any suggestions you have that might improve the noise conditionsin your workplace would
be graciously accepted. Y ou are more than welcome to comment on any noise factors not
considered in this survey that you feel need attention.

Please feel free to use the space below.
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Question No.

1|l 2]3[4|ls]|6flol10]11]12]14

12
16

17

12

b

13

b |bdfb

b

10

10
10

Subject No.

10
11

12

13
14
15
16
17

18
19
20
21

22
23
24
25
26
27
28
29

Response

| 20| 29[ 29| 20| 27 [ 20| 29| 29 | 28 | 28 | 28 |

Total

Table A.1: Resultsfor Survey 1.
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Subject S.T. S.T. S.T. | Buses | Buses | Buses| Cars | Cars | Cars| M.C. M.C. | M.C
No Brake | Accel | Idle | Brake | Accel Idle Brake | Accel Idle | Brake | Accel | Idle
1 a a a a a a b b a a
2 a a a d d d d d d b b
3 a a a b a a a a a a a a
4 b a b b a b d d d a a a
5 b c b b b b a c a a b
6 b c c c a c b b C a a b
7 b a b c b c d d d [ a a
8 d b b b b d d d a a a
9 a a
10 a a a b a a a a
11 a a a b a a b b b b a a
12 b c d d d e e e d a
13 b a a b a b c b c [ a c
14 a c a b c a b C a a a
15 C C C [ C C [ C [ C C C
16 a a a a a a d d d d b d
17 a a a b b c a a a
18 a a a a a a a a a a
19 a a a a a a c c c b a a
20 e e e e
21 a a d a a a b b b d a a
22 c a b d d d b b b a a a
23 b b b a c c c c [ c
24 b b b a c c b b d b b
25 a a a a a a a
26 a d c d a b e d C a a a
27 a a a C C a a a
28 a a b b a c b a d b a c
29 a c c e d b e e e

Response
a 16 18 11 7 16 7 3 5 2 12 20 16
b 9 5 7 10 6 6 7 9 6 4 3 4
C 2 3 6 5 1 7 6 3 9 4 1 4
d 1 1 2 4 3 3 6 7 6 4 1 2
e 0 0 1 0 0 2 2 1 2 1 2 1

Total | 28 | 27 | 27| 26 | 26 | 25 | 24 | 25 | 25 | 25 | 27 | 27 |

Table A.2: Resultsfor Question 7, Survey 1.
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Written responsesto Question 8, Survey 1

Horns (trucks and cars)

Air Brakes releasing

Semi tire blow out

Jake Brakes

Load trucks and motor cycles

Straight Pipes

Un-muffled dual exhaust especially on pick-up trucks
Snow plows scraping pavement in winter

All types

Bustraffic is extremely loud and the exhaust is horrible
Glass-pack mufflers

Dual exhausts

Written responsesto Question 13, Survey 1

Difficult to hear intercom and Road Radio

Road Maintenance should have a different frequency (especialy in the winter)
Car radios

Car horns under canopy

Potholes

Non business communication and idle chatter between toll attendants on the
intercom system

Phone

Any suggestions you have that might improve the noise conditionsin your
wor kplace would be graciously accepted. You are morethan welcometo comment
on any noise factors not considered in this survey that you feel need attention.

Working through awindow versus fully open door

Maintenance should have a there own intercom

Sound proofing booth and making them completely enclosed

Headset was great but too awkward to wear for a period of time with cord. Patrons
also thought that | was listening to aradio instead of paying attention to them.
Would like head set if small and cord was not in the way.

Vehicle horns from impatient drivers should be prohibited. Extreme acceleration of
motorcycles should not be allowed. Also sound proofing the booths would be a
great help.
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A.2 Survey 2 and Results
This section includes the second survey distributed to toll road employees and the

results.
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Noise Survey — follow up

Thelnstitute for Safe, Quiet, and Durable Highways
Herrick Laboratories
Purdue University — West L afayette Campus

This survey should be administer to employees who have completed the first “Noise Survey” and were able
to use the NCT Inc. Noise Buster Extreme active noise control headphones. Please circle the answer that
agrees with your selection.

1. How long did you use the active noise control headphones?
a) 0—2Hours b) 4 Hours c) 6 Hours d) 8 Hours €) Morethan 8 Hours

2. Intermsof reducing traffic/road noise annoyance, pleaserate the effectiveness of the
headphones.
a) Excelent b) Above Average ) Average d) Below Average €) Extremely Poor

3. Theoverall working environment was mor e pleasant with the headphones on.

a) Strongly Agree  b) Agree c) Undecided d) Disagree €) Strongly Disagree
4. Theheadphonesimproved my ability to communicate with customers.

a) Strongly Agree  b) Agree ¢) Undecided d) Disagree €) Strongly Disagree
5.  Theheadphones were comfortable to wear, and | am willing to use them thr oughout the work
day.a) Strongly Agree  b) Agree c) Undecided d) Disagree €) Strongly Disagree

6. Neglecting any comfort or discomfort, | wasimpressed with the performance of the headphones.
a) Strongly Agree  b) Agree ¢) Undecided  d) Disagree €) Strongly Disagree

7. The headphones you used might have given the appearance that you were listening to a personal stereo.
Would you object to wearing cordless headphonesthat werejust as effective but |looked like a
communication headset? (Perhaps the headphones would contain a microphone).

a) Yes, | would object b) No, | would not object

8. How old areyou?
a) 16- 25 years b) 26 - 35 years c) 36-45 years d) 46 - 55 years €) 55+ years

9. How long have you worked regularly in atoll booth?
a) 0- 6 months b) 7-12months c¢) 1-2years d) 2-5years €) 5+years

10. Do you have known hearing loss?
a Yes b) No

11. How long arethework shiftsduring which you are exposed to traffic noise?
a) 0—2Hours b) 4 Hours c) 6 Hours d) 8 Hours €) Morethan 8 Hours

12. Pleaseratethe overall value of the active noise control headphonesin the work environment.
a) Excdlent b) Above Average c) Average d) Below Average €) Extremely Poor

Please feel freeto usethe space below or the back side of this sheet to provide additional comments
concer ning the headphones.
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| Total | 20 | 20 | 20 | 20 | 28 | 20 | 20 | 28 | 20 | 20 | 26 | 20 |

Table A.3: Resultsfor Survey 2.
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Please fedl freeto usethe space below or the back side of this sheet to provide
additional comments concer ning the headphones.

Patrons were rude because they thought | was using a stereo system

In regards to question #5, the headphones weren’t uncomfortable, they would just
take a getting use to

The headphones blocked the road noise but also made it hard to hear anyone
speaking to you

Couldn’t hear patrons...sounded like they were in the distance. | don't like things
over my ears (irritating)

Headphones hurt with glasses on
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Appendix B: Toll Plaza Beam Tracing M odel

B.1 Model Diagram
Thetoll plaza and various noise control solutions were modeled using a beam
tracing method. The schematic of the model is shown in Figure B.1. Thefigureincludes
the source location and number in addition to lane position. This schematic will serveasa

key to the following figures presented in Appendix B.
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Figure B.1: Schematic of thetoll plaza model.
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B.2 Frequency Dependence of Passive Noise Control Solutions
Thefigurein this section display the frequency dependence of the noise control
solutions evaluated in the beam tracing model of the toll plaza. All semi-truck sources were

activated. Each figure shows the response at a particular window location.
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FigureB.5:  Response at window location of 50 meters (window south of lane 4), al
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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FigureB.6:  Response at window location of 44 meters (window south of lane 5), al
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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FigureB.7:  Response at window location of 37 meters (window south of lane 6), al
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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FigureB.8:  Response at window location of 31 meters (window south of lane 7), al
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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FigureB.9:  Response at window location of 25 meters (window south of lane 8), al
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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Figure B.10: Response at window location of 19 meters (window south of lane 9), al
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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FigureB.11: Response at window location of 36 meters (window north of lane 7), all
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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FigureB.12: Response at window location of 30 meters (window north of lane 8), all
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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Response at window location of 23 meters (window north of lane 9), all
semi-truck sources active. [ level of existing toll plaza; * level with
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absorbing canopy; O level with absorbing barriers, level with absorbing

barriers;, + level with all modifications.
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Figure B.14: Response at window location of 17 meters (window north of lane 10), all
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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Figure B.15: Response at window location of 11 meters (window north of lane 11), all
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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Figure B.16: Response at window location of 5 meters (window north of lane 12), all
semi-truck sources active. [ level of existing toll plaza; * level with
absorbing canopy; O level with absorbing barriers, level with absorbing
barriers; + level with all modifications.
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B.3 Overal Level per Source Pair
Thefigure in this section display the of the overall level of toll plazamodelsfor a
single source pair activated at atime. Sources represented semi-truck vehicles. Each figure

shows the response at all window locations for a single source pair.
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FigureB.17: Overal sound pressure level for sources 1 and 2 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.18: Overal sound pressure level for sources 3 and 4 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.19: Overal sound pressure level for sources 5 and 6 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.20: Overall sound pressure level for sources 7 and 8 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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FigureB.21: Overal sound pressure level for sources 9 and 10 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.22: Overal sound pressure level for sources 11 and 12 as a function of window
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Figure B.23: Overal sound pressure level for sources 13 and 14 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.24: Overal sound pressure level for sources 15 and 16 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.25:
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Overall sound pressure level for sources 17 and 18 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O

level with absorbing barriers;
modifications.

level with absorbing barriers; + level isall
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Figure B.26: Overall sound pressure level for sources 19 and 20 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.27: Overall sound pressure level for sources 21 and 22 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.28: Overall sound pressure level for sources 23 and 24 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.29: Overall sound pressure level for sources 25 and 26 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.30: Overall sound pressure level for sources 27 and 28 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.31: Overal sound pressure level for sources 29 and 30 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Overall sound pressure level for sources 31 and 32 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.33: Overal sound pressure level for sources 33 and 34 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.34: Overall sound pressure level for sources 35 and 36 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.35: Overall sound pressure level for sources 37 and 38 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.36: Overall sound pressure level for sources 39 and 40 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.37: Overall sound pressure level for sources 41 and 42 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.38: Overall sound pressure level for sources 43 and 44 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.39: Overall sound pressure level for sources 45 and 46 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.40: Overall sound pressure level for sources 47 and 48 as afunction of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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FigureB.41: Overall sound pressure level for sources 49 and 50 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.



174

100 ; ; ;

o5} .

90f

8
8

85}

80

+8 <D

75}

T
o <
+ % 0O <

+kO<D
I

¥ 0O <D

70

a0 <D
9“_
# 0 <D
H0 <D
+@® <
|

I @
6sf ¥ 7

*0 <D

Sound Pressure Level (dB, ref 20 yPa)

60}

50 : 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Y-axis position {m)

Figure B.42: Overall sound pressure level for sources 51 and 52 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.43: Overal sound pressure level for sources 53 and 54 as afunction of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.44: Overal sound pressure level for sources 55 and 56 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.45: Overal sound pressure level for sources 57 and 58 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.46: Overall sound pressure level for sources 59 and 60 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.



179

100 . . .
o5} .

90f

T
g3k
Akl

I

85}

80 .

T
*
+#0 <D

+a <O

75}

+ %0 9

#*+0 <O

70

0O <D

+&®

T
B0
0 <O

65 f

0 <D
#HO G
HEKD
I

Sound Pressure Level (dB, ref 20 yPa)

60}

50 : 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Y-axis position {m)

Figure B.47: Overal sound pressure level for sources 61 and 62 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.48: Overall sound pressure level for sources 63 and 64 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.49: Overal sound pressure level for sources 65 and 66 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.50: Overall sound pressure level for sources 67 and 68 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.51: Overall sound pressure level for sources 69 and 70 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.52: Overall sound pressure level for sources 71 and 72 as a function of window

location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.53: Overall sound pressure level for sources 73 and 74 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.54: Overall sound pressure level for sources 75 and 76 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.



187

100 : . .
o5}
. 90}
]
o
= L
Q 85t
N
& g
o 80 g
o 80f
- [ O
s | I -
z 75F ¥ T g
. 8 Pg
2 r % + g
2 700 Froox%
¢ F + ]
o | o+ T8 §
B 651 + N
>
O L
@ ol
55}
50: | | | | | | |
0 10 20 30 40 50 60 70
Y-axis position {m)
Figure B.55: Overall sound pressure level for sources 77 and 78 as a function of window

location. [ level of existing toll plaza; * level with absorbing canopy; O

level with absorbing barriers;  level with absorbing barriers; + level isall

modifications.
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Figure B.56: Overall sound pressure level for sources 79 and 80 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.57: Overal sound pressure level for sources 81 and 82 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.58: Overall sound pressure level for sources 83 and 84 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.59: Overall sound pressure level for sources 85 and 86 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.60: Overall sound pressure level for sources 87 and 88 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.61: Overal sound pressure level for sources 89 and 90 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.62: Overall sound pressure level for sources 91 and 92 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.63: Overall sound pressure level for sources 93 and 94 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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Figure B.64: Overall sound pressure level for sources 95 and 96 as a function of window
location. [ level of existing toll plaza; * level with absorbing canopy; O
level with absorbing barriers;  level with absorbing barriers; + level isall
modifications.
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B.4 Direct Field Study, Semi-Truck Sources
To confirm the importance of the direct field, all elements of the model removed
expect for the ground. One lane of semi-truck source were activated at atime. The overall
level at the for test model was compared to the same case of the reference model. The only
meaningful information is for window(s) serving the lane with active sources. Each figure

represents the response at all window locations for a particular lane of sources.
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Overall level for al sourcesin lane 1, semi-truck sources. [ level of existing

toll plaza; * level with of direct field validation model.
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Figure B.66: Overall level for al sourcesin lane 2, semi-truck sources. [ level of existing
toll plaza; * level with of direct field validation model.
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Figure B.67: Overall level for al sourcesin lane 3, semi-truck sources. [ level of existing
toll plaza; * level with of direct field validation model.
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Figure B.68: Overall level for al sourcesin lane 4, semi-truck sources. [ level of existing
toll plaza; * level with of direct field validation model.
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Figure B.69: Overal level for all sourcesin lane 5, semi-truck sources. [ level of existing
toll plaza; * level with of direct field validation model.
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Figure B.70: Overall level for al sourcesin lane 6, semi-truck sources. [ level of existing
toll plaza; * level with of direct field validation model.
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FigureB.71: Overall level for al sourcesin lane 7, semi-truck sources. [ level of existing
toll plaza; * level with of direct field validation model.
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FigureB.72: Overal level for al sourcesin lane 8, semi-truck sources. [ level of existing
toll plaza; * level with of direct field validation model.
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FigureB.73: Overall level for al sourcesin lane 9, semi-truck sources. [ level of existing
toll plaza; * level with of direct field validation model.
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Figure B.74: Overall level for all sourcesin lane 10, semi-truck sources. [ level of
existing toll plaza; * level with of direct field validation model.
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Figure B.75: Overall level for all sourcesinlane 11, semi-truck sources. [ level of
existing toll plaza; * level with of direct field validation model.
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Figure B.76: Overall level for all sourcesin lane 12, semi-truck sources. [ level of
existing toll plaza; * level with of direct field validation model.
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B.5 Direct Field Study, Car Sources
To confirm the importance of the direct field, al elements of the model removed
expect for the ground. One lane of car source were activated at atime. The overall level at
the for test model was compared to the same case of the reference model. The only
meaningful information is for window(s) serving the lane with active sources. Each figure

represents the response at all window locations for a particular lane of sources.
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FigureB.77: Overall level for al sourcesin lane 1, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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Figure B.78: Overall level for al sourcesin lane 2, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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Figure B.80: Overall level for al sourcesin lane 4, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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Figure B.81: Overall level for al sourcesin lane5, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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Figure B.82: Overall level for al sourcesin lane 6, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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Figure B.83: Overall level for al sourcesin lane 7, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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Figure B.84: Overadl level for al sourcesin lane 8, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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Figure B.85: Overall level for al sourcesinlane9, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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Figure B.86: Overall level for al sourcesin lane 10, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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Figure B.87: Overall level for al sourcesin lane 11, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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Figure B.88: Overall level for al sourcesin lane 12, car sources. [ level of existing toll
plaza; * level with of direct field validation model.
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