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Abstract 

 

With the rapid advancement of civilization and tremendous expansion of human 

population, transportation noise is one of the major environmental issues which have to 

be tackled. To reduce the impact from the noise pollution, various mitigation measures 

have been investigated and implemented. Roadside barriers are the most commonly 

mitigation measures adopted. By alternating the propagation of sound, the barriers 

manage to significantly attenuate the noise levels in the protected regions. Numerical 

studies on the shielding performance of the barriers have been conducted. However, there 

are relatively few studies taking the influence of tall buildings in urban areas into 

consideration to account for the efficiency of the barrier. In our study, an investigation of 

the acoustic performance of noise barriers in conditions commonly found in metropolitan 

areas is conducted. 

 

Our study begins with the development of a measurement methodology for the acoustic 

impedance of a plane surface. In contrast to those standardized laboratory method, the 

methodology developed is in-situ in nature. The method is based on the classical 

spherical wave propagation theory and numerical minimization techniques. Actual 

quantity of impedance is obtained at the location of measurement. With the improved 

measurement techniques and minimization algorithm, the in-situ method developed is 

proved to be robust and successful. 

 

Noise prediction model founded on the image source method for the evaluation of 

barriers in an urban environment is then developed. The first scenario examined consists 
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of a pair of parallel barriers standing aside a road which is aligned parallel to a building 

façade. Based on the image source method, a prediction model of the sound field of this 

configuration is developed. The flexibility of adopting acoustic absorptive surface is 

included in the model for more general applications. For the validation of the model, the 

predicted results are compared with the results from the boundary element method (BEM) 

and experimental measurement. These comparisons conclude good agreements and the 

accuracy of the image source model is proved. 

 

With the success of the previous scenario, the image source model is further extended to 

another commonly encountered condition in urban environment. The situation taking into 

consideration consists of a pair of parallel barriers standing aside a road which is semi-

enclosed by sky-rise buildings on both sides. Due to the additional façade surface, the 

multiple reflections of sound among the surfaces are much more complicated in which 

the complexity is almost double that of the previous case. Nevertheless, a study of the 

sound field in this spatial condition is processed and a complete hierarchy of the source 

images is outlined. In comparisons with the BEM and the laboratory measurements, the 

image source model demonstrates a fairly good validity. These two computationally 

efficient image source models successfully manage to provide a quantitative justification 

of the construction of roadside barriers in the planning stage. 
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Chapter 1 Introduction 

 

1.1 Background 

 

In a densely populated city with many high-rise buildings such as Hong Kong, noise 

pollution is one of the environmental problems that should be addressed with high 

priority. Dwellings, hospitals and other noise sensitive buildings are located within close 

proximity of major roadways. The transportation noise from the increasing traffic volume 

seriously deteriorates our quality of life. To reduce the impact from the noise pollution, 

various mitigation measures can be implemented. For instance, careful planning of the 

town layout, retrofitting existing roads with noise barriers and enclosures, paving roads 

with low-noise surface material, regulating the amount of traffic flow, and tightening the 

noise emission standard of vehicles. 

 

Among the various measures, roadside barriers are one of the most extensively used 

methods for noise reduction. The barriers cut off the sight line propagation of sound and 

hence reduce the noise levels at shadow regions. In Hong Kong, for example, there are 

over 37 km of screen structures constructed for attenuation of noise in the past decade. It 

is estimated that over a hundred thousand people have benefited from these screen 

structures. The huge cost in constructing the large amount of barriers has stirred up 

public concern over the merit of the erection of barriers. To evaluate whether the barriers 

should be built, accurate predictions of the screening performance during the design 

stages are essential. 
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Over the second half of the past century, theoretical studies, scaled-model experiments, 

and full-scale field measurements have been carried out for the prediction of the acoustic 

performance of noise barriers. There are theoretical studies aiming to evaluate the 

diffraction of the sound waves with obstacles. There are also practical approximations for 

the predictions of the shielding effect of barriers. Despite these widespread interests, 

there are relatively few studies that incorporate the shielding performance of barriers in 

the context of a complex environment where the barriers are situated. 

 

1.2 Objective 

 

This study investigates the shielding performance of noise barriers in urban environments. 

The presence of various reflection surfaces in built-up surroundings will increase the 

sound pressure levels of noise due to the additional contributions of noise from 

reflections. Using the theoretical models for simple noise barrier alone in evaluation 

would overestimate the shielding performance. Correction factors are added for the 

adjustment for an engineering approximation. However, those simple correction factors 

are used with a significant degree of uncertainty. The purpose of this study is to provide 

an analytical model for the evaluation of barriers in an urban environment and tackle the 

challenge of studying the effects of reflection and diffraction analytically. Commonly 

encountered metropolitan conditions such as parallel barriers in front of a building façade 

and parallel barriers in a street canyon are included in the current study. In addition, this 

study intends to include effects of acoustically non-hard surfaces in the model. This 

offers the model to be used in more general conditions including those frequently 

adopted enhancements such as installing acoustic absorption materials on barrier surfaces 
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and using porous road pavement. For simplicity, atmospheric effects such as temperature 

distribution and airflow are ignored in our study. 

 

1.3 Layout of Thesis 

 

The thesis is arranged as follows. In Chapter 1, the background and objectives of the 

current studies are outlined. Reviews are given on various development and research 

concerning outdoor sound propagation, in-situ determination of impedance, diffraction of 

sound wave, shielding performance of single and parallel barriers, and performance of 

barriers in urban environments. 

 

The acoustic impedance plays an essential role in the modelling of various acoustic 

phenomenons. In Chapter 2, the development of a methodology for an in-situ 

determination of the acoustic impedance of a plane surface is reported. It is intended to 

obtain the properties of any sound absorbents that will be installed on the surfaces of 

barriers for enhancing noise abatement. The method is based on the measurement of the 

excess attenuation and a numerical inversion technique. Comparisons of measured results 

on fibre glass with commonly used models are also offered. 

 

In Chapter 3, the development of the image source model for determining the acoustic 

efficiency of parallel barriers in front of a building façade is demonstrated. Calculations 

of contributions from various ways of transmission have been discussed in detail. 

Hierarchies of source images contributing to the overall sound pressure level are also 

outlined. Calculated results from the image source method are validated with results from 

boundary element method (BEM) and laboratory measurements using a scaled model. 
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In Chapter 4, a further development of the image source model for determining the 

acoustic efficiency of parallel barriers in a street canyon is elaborated. Determinations 

and calculations of the contribution from the image sources are discussed. Predicted 

results from the image source model are compared with results from BEM and 

experimental measurements for the validation. An analysis on the effect of acoustic 

absorption surface is also presented. 

 

In Chapter 5, a summary of these studies and findings are given. Some recommendations 

and future developments based on the present study are discussed. 

 

1.4 Literature Review 

 

In this section, the literature review on the related topics is presented. They include 

outdoor sound propagation, in-situ determination of impedance of a plane surface, the 

diffraction of sound wave, the shielding performance of single and parallel barriers, and 

the acoustic performance of barriers in urban environment. 

 

1.4.1 Outdoor Sound Propagation 

 

To investigate the acoustic shielding performance of a noise barrier in a high-rise city, 

the classical theory of outdoor sound propagation is inevitably involved. Various studies 

and research concerning the outdoor sound propagation conducted in the past have been 

reviewed. 
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Comprehensive reviews of outdoor sound propagation have been given by Delany [35], 

Piercy et al [91], Embleton [37] and Sutherland and Daigle [105]. They reviewed the 

general phenomena of sound propagation in complex outdoor environments and provide 

formulations for various effects during the spreading of sound, including distant 

attenuation, ground reflection, meteorological effects, turbulence, atmospheric absorption, 

scattering from the surroundings, etc. 

 

For the propagation of sound in a still and homogenous atmosphere over a ground surface, 

sound wave can reach the receiver through the direct path and the path with ground 

reflection respectively. The sound waves through the direct and reflected wave paths 

interfere with each other at the receiver point. The impedance of the ground surface, the 

angle of incidence, and the path difference between direct and reflected sound paths 

would exert influence on the interference and, in turn, play an important role in the 

evaluation of the total field. The early theoretical models for sound propagating over 

impedance ground can be found in the studies of Rudnick [98], Lawhead and Rudnick 

[68], Ingard [50], Wenzel [120] , Chien and Soroka [27,28], and Attenborough et al [8]. 

Their details of their solutions are different but these models can be summarized in a 

form known as the Weyl-van der Pol formula [10]. Later Thomasson [110], Kawai et al 

[60], and Chandler-Wilde and Hothersall [23] proposed their models in the form of 

integral equations. Pirinchieva [92] demonstrated close agreement between the 

experimental results and the theoretical predictions. 

 

As can be expected, the acoustic properties of the ground significantly affect the 

propagation of sound. Acoustically, the surface boundary can either be locally reacting or 

extended reaction types. For a locally reacting ground, the surface impedance is basically 
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independent of the incident angle of the incoming wave. On the other hand, the 

impedance is dependent on the angle of incident for an extended reaction ground. There 

are various models developed for characterizing the impedance. Delany and Bazley [34] 

developed an empirical formula to determine the characteristic impedance and 

propagation constant for a large range of absorbent materials in terms of the flow 

resistivity and frequency. The empirical formula is convenient to use because it only 

involves one ground parameter, the flow resistivity. Chessell [25] reported that the 

Delany and Bazley model provides a reasonable first approximation to the surface 

impedance in his experiments for aircraft noise over a grassy terrain. Attenborough [9] 

developed a rigid fibrous model predicting the acoustical characteristics of soils and 

sands. He used five parameters, including porosity, flow resistivity, tortuosity, steady 

flow shape factor, and dynamic shape factor. His model is proven to give superior 

predictions to the empirical formula that use flow resistivity only. Subsequent to his 

study, a simplified two-parameter approximation for the normal surface impedance of a 

non-rigidly backed layer structure was introduced [11]. 

 

1.4.2 In-situ Determination of Ground Impedance 

 

In the study of sound propagation outdoors, the acoustic characteristics of surface are 

always necessary. Depending on the applications and requirements, the quantity to 

describe the acoustic characteristics of a surface is commonly the absorption coefficient 

or impedance of the surface. In general, the absorption coefficient is found in many 

practical applications while the impedance is used in a more scientific context. 

Standardized and well-known methods for measuring the absorption coefficient of 

materials are the reverberation chamber [7,56] and the impedance tube method [6,54,55]. 
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For the former method, large amount of specimen are placed inside the reverberation 

chamber and the sound absorption coefficient is indirectly obtained from the 

measurement of the decay of an impulsive sound. This method is resource demanding 

and the absorption coefficient is calculated from an empirical reverberation formula. For 

the impedance tube method, specimens have to be cut into small samples and must be 

fitted into one end of the tube precisely and tightly for measurement. The surface 

impedance and absorption coefficient at normal incidence are obtained form the methods 

using standing wave ratio or transfer-function. For a locally reacting surface, the sound 

absorption coefficient for diffuse sound incidence can further be determined accordingly. 

The critical shortcoming of both commonly used methods is that the actual installation 

condition of the specimen is ignored. The measured results may not truly represent the 

acoustical characteristic in the real condition of practical applications. Methods of in-situ 

determination of the acoustical characteristic of sound absorption materials were 

developed in the 1980s. 

 

Methods based on the information of reflection from a specimen surface were developed 

for the in-situ purpose. Ingard [51] described a procedure using a standing wave in front 

of the surface under investigation. In analogy to the standing wave tube, the amplitude 

and phase of the sound pressure has been measured. A comparison between an 

acoustically hard surface and the specimen yields the complex reflection factor and hence 

the plane wave absorption coefficient. As indicated by the authors, the assumption of 

plane waves is not valid at the short distances used for the measurement. 

 

Yuzawa [122] described a technique of on-the-spot field measurement using two 

microphones placed exactly the same distance away from the source. The first 
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microphone is placed close to the surface while the second one is positioned away from 

the surface. By subtraction of signals from the two measurements, the magnitude of the 

reflection factor is found and the plane wave sound absorption coefficient can be 

estimated. 

 

Davies and Mulholland [33] proposed a method to determine the impedance from 

measurements of the complex reflection factor. The method involved the measurement of 

acoustic impulses close to the surface of an absorbing material and in a free field. A short 

pulse with a duration of 3 ms is used which allows the separation of direct and reflected 

signal. Amplitude and phase characteristics of the reflected signal are thus obtained and 

hence the normal impedance of the material can be found. 

 

Allard et al [1,3] also presented a method to measure the normal acoustic impedance 

using a two microphones technique. Two microphones used in this technique are located 

very close to the surface for measuring the acoustic velocity and the pressure above the 

sample. From the measured transfer function between the two microphones, the 

impedance is deduced using a full wave description of the sound field in front of an 

impedance plane as given by Nobile and Hayek [85]. 

 

Wilms and Heinz [121] demonstrated an in-situ methodology by means of the maximum 

length sequences (MLS) technique to determine the reflection factor. The basis of this 

procedure is the recording of impulse responses between a speaker and microphone at 

normal incidence of sound. The microphone is positioned half the distance between the 

surface of a sample and a loudspeaker. Applying time windowing to the impulse 

responses, the amplitudes of the direct and reflected sound are extracted. 
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Garai [39] presented a very similar method with the utilization of the MLS technique 

with greatly improved noise immunity due to the inherent cross-correlation process. 

Investigations on the restriction of frequency range and specimen size were made. A non-

rectangular time window is suggested for analysis of the measured signals. The method is 

found to be inadequate at low frequency range due to the assumption of plane wave 

propagation. 

 

Mommertz [79] made an improvement of incorporating a subtraction technique with the 

MLS based reflection method for the in-situ measurements of the complex reflection 

coefficients at an arbitrary angle of incidence. Two separate measurements were 

conducted. Based on the comparisons with experimental results from a standing wave 

tube, he suggested that this method can be used for normal incidence measurement for a 

frequency ranging from 250 Hz to 8000 Hz. This method form the basis of the standard 

BS 1793-5 [20] for the in-situ measurement of noise reduction device. 

 

Li and Pascal [71] conducted an investigation on the influence of microphone vents on 

measurements of acoustic impedance by a two-microphone method. Two errors 

depending on the value of the reactive intensity at the measuring point and the mean-

square pressure are studied. A correction on the mismatch of the phase between two 

channels was emphasized. Li and Hodgson [72] later proposed the determination method 

from the measurements of the impulse-response function sequentially at two locations 

close to the surface of the material using MLS signal and a single microphone. The 

phase-mismatch error that occurs with the two-microphone method is therefore 
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eliminated. In their study, both plane-wave and spherical-wave hypotheses are reviewed 

and compared. 

 

Nocke et al [86,87] presented a method of impedance deduction from measurements of 

complex excess attenuation spectrum at grazing angles intended for locally reacting 

surfaces. Two separate measurements performed to obtain the excess attenuation are the 

measurement of the direct field without any reflection surface and the measurement of 

the total field over the impedance surface under investigation. The complex excess 

attenuation spectrum is then computed as the ratio of the spectrum of the total field to 

that of the direct field. The impedance is deduced by iterative search of the value of 

impedance providing the best matched theoretical excess attenuation. More efficient 

numerical techniques for the inversion were suggested by Blumrich and Altmann [15], 

Nocke [88], and Taherzadeh and Attenborough [106]. This in-situ transfer function 

method has been widely accepted and applications of which have been reported in 

various studies [12,13,16,17]. 

 

Recently, Allard et al [4,5] generalized a new deduction method based on the spherical 

wave reflection to include thin non-locally reacting materials with a surface impedance 

noticeably dependent on the angle of incidence. Instead of requiring the measurements of 

the complex excess attenuation transfer function, the technique they adopted takes two 

measurements successively over a rigid impervious surface and over the impedance 

surface respectively. Their prediction results show good agreement with the measurement 

performed using a near-field acoustical holography method. 
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1.4.3 Diffraction of Sound Wave 

 

Diffraction is a phenomenon by which wavefronts of propagating waves bend in the 

neighborhood of obstacles. It is a classical study in optics as well as in acoustics. The 

exact mathematical solutions describing this phenomenon were developed by scientists 

over a century ago. The first rigorous solution to half plane diffraction have been 

obtained by Sommerfeld [104]. He solved partial differential equations which considered 

a two-dimensional problem of a plane wave incident on an infinitely thin and a perfectly 

reflecting half plane. His solution could be expressed exactly and simply in term of 

Fresnel integrals.  

 

Based on the Sommerfeld’s solution, Carslaw [21,22] provided an extension of solving 

generalized wedge diffraction problems due to cylindrical incident waves. The form of 

his solution however was found to be impractical. Macdonald [75] later used a different 

method and presented the solution in a more practical form and extended this to solve 

incident of spherical wave. Nevertheless, their solutions are similar and both are in terms 

of two integrals. The first integral represents the incident wave and the part of the 

diffracted wave that is associated with the incident wave. The second integral represents 

the reflected wave and the part of the diffracted wave that is associated with the reflected 

wave. Their solutions can be transformed to each other by using transformation of 

variables. 

 

Rubinowics [97] transformed Kirchhoff’s solution to a new diffraction formula, known 

as the Rubinowics-Young formula. His solution accounts the diffraction by a screen 

containing an aperture. The diffracted field is expressed as a line integral along the 
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aperture edge. This is in contrast with Kirchhoff’s solution in which the diffracted field is 

expressed in terms of a surface integral. In addition, Rubinowics showed that the 

Kirchhoff solution for plane or spherical incident waves can be decomposed into two 

components: the unobstructed portion of the incident wave and the scattered wave due to 

the edge. 

 

Copson [29], Levine and Schwinger [69,70], solved the diffraction problems by an 

integral approach. The exact solutions were obtained by applying the Wiener-Hopf 

method. The Wiener-Hopf method is a rather standard technique for solving certain types 

of linear partial differential equations subject to mixed boundary condition on semi-

infinite geometries through a complex Fourier integral transform. It is also applicable to 

an integral equation of a convolution type. The details of the Wiener-Hopf method can be 

found in Crighton et al [30]. 

 

Pierce [90] published the formulae for the estimation of sound field at locations partially 

shielded from a point source by a barrier. His asymptotic expressions provided great 

facilitations in practical computations leading to an accurate prediction of the sound 

fields behind the barrier. Hadden and Pierce [41], extended their study to the diffraction 

of plane acoustic waves by barriers with finite acoustical impedance. They [42] further 

extended their study to the diffraction from a point source over a wedge. Details of the 

numerical technique and comparison with experimental results were presented. Their 

comprehensive studies laid down a solid foundation for analyzing the sound field of 

diffraction in geometrical acoustics. 
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Based on the Rubinowics-Young formula, Embleton [36] also derived a formula for the 

diffraction of sound by a barrier of infinite length. He assumed that the line integral is 

taken along the straight edge of the barrier plus a semicircular arc at infinity that connects 

the two ends of the barrier. Embleton’s formula is convenient for numerical computation 

because the variable is reduced to one dimension in his integral formulation. 

 

Tolstoy [112,113] obtained another exact and explicit solution for sound waves diffracted 

by wedges. His solutions are an exact representation of the field by an infinite series. The 

coefficients of the infinite series are given by a set of linear equations. The set of 

equations are solved by a simple recursion scheme. The edge diffractions are taken into 

account exactly without the need for any asymptotic approximation of integrals. This 

solution should be used with care because the infinite series converges slowly especially 

at high frequencies. 

 

1.4.4 Performance of Single Noise Barrier 

 

The growth of human activities and developments inevitably creates the problem of noise 

pollution. The shielding effect of screen has been adopted as a measure to obstruct the 

propagation of noise directly from noise sources to receivers. Studies have been carried 

out to explore the effectiveness of noise barrier in the past few decades. 

 

The most direct method for investigating the acoustic performance of noise barriers is to 

conduct full-scale experiments or scaled model experiments. The first known graph for 

determining the sound attenuation in the shadow zone behind a rigid barrier due to a 

point source was developed by Redfearn in the 1940s [96]. The attenuation function is 
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given as a function of two parameters in his graphs. These are the angle of diffraction and 

the effective height of the barrier normalized by the sound wavelength. 

 

Nearly 30 years later, Maekawa [76] measured the attenuation of a thin rigid barrier, with 

different sets of source and receiver locations, due to a spherical spreading pulsed tone of 

a short duration. He presented his experimental data in a chart where the attenuation is 

plotted against a single parameter known as the Fresnel number. The Fresnel number is 

the numerical ratio of path difference (the difference in distance between the diffracted 

path and the direct path) to the half of a sound wavelength. 

 

In the following year, Rathe [95] presented an empirical table for sound attenuation by a 

thin rigid barrier due to a point source. His empirical table is based on a large number of 

experimental data. The attenuation is given in octave steps of frequency normalized by 

the reference frequency with the Fresnel number of 0.5. 

 

Kurze and Anderson [65,66] reviewed diffraction theory from Keller [61,62], and used 

experimental data from Maekawa and Redfearn to derive empirical formulas for the 

attenuation of barrier. The attenuation was expressed as a function of relative locations of 

source and receiver, including the diffracted angles at the source and receiver sides. 

There are some common features of experimental investigations into the barrier 

attenuation. Firstly, the experimental studies of Redfearn, Maekawa, Rathe, and Kurze 

and Anderson considered a point source as an incident wave, which is practically the 

simplest noise source. Secondly, the Fresnel number is an elementary parameter to 

express the barrier attenuation. As a result, Kurze-Anderson’s formulas and Maekawa’s 

chart are extensively used in the engineering community due to their simplicity of use. 
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The ground effects on barrier shielding were observed experimentally by Scholes et al. 

[102] as early as in the 1970s. They conducted full-scale experiments for barrier over a 

grass-covered ground under different wind conditions with one dataset under zero wind 

condition. The interference patterns of insertion loss are shown in their data. The 

interference patterns are due to the superposition of direct wave and wave reflected from 

the ground. 

 

Johnasson [59] suggested the usage of Ingard’s theory for sound propagation and the 

approximate formula of Macdonald’s solution by Bowman et al [18] for the calculation 

of the barrier attenuation over a finite impedance ground. The second term of 

Macdonald’s solution was neglected if the source and receiver were assumed to be far 

from the barrier surface. He introduced Ingard’s theory to calculate the sound 

propagation along the finite impedance ground surface. He concluded that an acoustic 

barrier was most effective at places where the ground attenuation is low. 

 

Thomasson [109,110,111] calculated the barrier insertion loss by a numerical integration 

approach. He developed a new impedance model and introduced it into his numerical 

integration method based on the Fresnel-Kirchoff approximation. The impedance is 

governed by four parameters in his model. These four unknown parameters are estimated 

by fitting measured and theoretical frequency responses when source and receiver are 

close to the ground. His barrier diffraction theory was well matched with experimental 

data. He showed that interference patterns of insertion loss were found over ground with 

finite impedance. 
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Isei et al. [52,53] reported a comprehensive review on noise reduction by barriers on 

finite impedance ground. They compared five frequently used prediction schemes with 

experimental data. The five prediction schemes are Keller’s geometrical diffraction 

theory, the Kirchhoff-Fresnel diffraction formula, Thomasson’s formula, the Young-

Rubinowicz formula and a modified Macdonald’s formula. The ground impedance based 

on the work of Delany and Bazley [34], Rudnick [98], and Chessell [25] are used in four 

of the calculation schemes but not in that of Thomasson. They concluded that 

interference patterns behind a barrier are dependent on the geometrical configuration of 

the source, receiver, barrier and ground. They remarked that these interference effects 

had a bigger influence on the acoustic performance of a barrier compared to the effects of 

applying absorbent on the barrier or of obliquity of incidence at the barrier.  They also 

found that there is a substantial difference in predicting A-weighted noise reduction by 

the five accurate schemes mentioned above, and by other simpler schemes such as that of 

Maekawa, and Kurze et al. The difference is more notable in the case of a soft ground. 

 

Nicolas et al. [83] investigated the accuracy of different well-known prediction models of 

barrier insertion loss in the presence of the ground. They used image theory to take 

account of the ground effects and used the Weyl-van der Pol formula to calculate the 

sound propagation along a finite impedance ground surface. The ground is considered as 

a semi-infinite porous medium whose acoustic properties are specified using a model 

based on that of Delany et al. [34], Rudnick [98], and Chessell [25]. If ground effects are 

considered, the diffraction model of Hadden and Pierce [41,42,90] is shown to be the 

most accurate among the other models, such as the first-order Macdonald’s 

approximation, the Maekawa curves and the models of Isei et al. [53]. Nicolas et al. also 
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mentioned that the model of Hadden and Pierce can be used in the configurations if the 

ground impedance on the source side and the receiver side are different. 

 

With the advent of modern computers, the models for barrier diffraction incorporated 

with ground effects have shifted from analytical models and experimental studies to 

computationally intensive numerical schemes, such as the boundary element formulation. 

Hothersall, Chandler-Wilde, Crombie, and Morgan [23,45,46,80] have conducted many 

studies on the shielding performance of different barriers over absorbing ground. 

 

Recently, Menounou [77] modified Maekawa’s chart from a single curve with one 

parameter to a family of curves with two Fresnel numbers. The first Fresnel number is 

the conventional Fresnel number associated with the relative position of the source, the 

barrier, and the receiver.  The second Fresnel number is defined similarly to the first 

Fresnel number. It represents the relative position of the image source, the barrier and the 

receiver. Menounou also modified the Kurze-Anderson solution and the Kirchhoff 

solution by introducing correction factors. The correction factors are based on the studies 

of the two-Fresnel number approach. Unlike studies before the 70’s, the plane, 

cylindrical, and spherical incident waves are all considered in Menounou’s studies. Her 

prediction models are simple to use and have the accuracy compatible with sophisticated 

diffraction theories. 

 

1.4.5 Performance of Parallel Noise Barriers 

 

Constructions of parallel barriers on both sides of a road can help to attenuate the noise 

level received at locations at both sides of the road. Multiple reflections of sound waves 
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produced by the traffic occuring between the parallel barriers create a reverberant sound 

field within the region. The multiple reflected sound waves may travel to the receiver 

directly or diffract at the top edge of the other barrier. This phenomenon results in 

degradation to the performance of the barriers and have been well recognized. 

 

Hutchins and Pitcarn [48] used a laser technique to determine the acoustic wave paths 

generated from a source located between parallel barriers to the top of each barrier. 

Based on the theoretical discussion by Hurst [47] and assumption of incoherence nature 

of the source, they predicted the sound intensity levels at the top of barriers by summing 

the contributions from the principal wave propagation paths. Comparisons with upright 

and inclined parallel barriers were made also. Hutchins et al. [49] later presented scale-

model investigations of the acoustic performance of parallel barriers with different 

geometrical configurations. Scaled model experiments have the advantage of permitting 

the control over many parameters in the experimental set-up which enables the 

assessment of the acoustic performance for a large range of barrier configurations to be 

made easily. Different barrier types were investigated and they found that a grass-

covered slope surface appeared to be the most effective over the frequency range 

examined. They also concluded that the reflections from the inner face of the far side 

parallel barrier were only significant when the source was close to this surface. 

 

Chew [26], who used Davies model [32], developed a prediction scheme for buildings 

situated on both sides of an expressway. Chew's model involved direct and reflected 

energy, both from the ground surface and multiple reflections between the parallel 

buildings on both sides of the expressway, and diffused energy due to scattering from the 

rough façade surfaces. His predictions showed that the effect of multiple reflections was 
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significant when the distance between the buildings on opposite sides of the road was 

small. 

 

Panneton et al. [89] used the image source method to investigate the performance of 

parallel barriers. The authors extended the study to include absorption on inner barrier 

surfaces. Multiple reflections between the parallel barriers, diffraction solutions by 

Hadden and Pierce [41] and modified Delany-Bazley impedance model by Miki [78] 

were used. They presented experimental results to validate their theoretical models but 

only the region below the barrier top edge inside the shadow zone was investigated. 

 

Muradali and Fyfe [81] investigated a similar diffraction-based method for the evaluation 

of the insertion loss of parallel barriers. Their method was based on Lam’s study [67] for 

calculating the insertion loss of a single finite length barrier. Total sound pressure levels 

at the receiver were calculated by summing the contributions from a series of image 

sources formed by multiple reflections between the parallel barriers. Comparison of the 

results with BEM have been shown for validation. 

 

Salomons et al. [100] carried out a similar investigation on parallel barriers. They used a 

double diffraction method and compared the results obtained from their model with those 

of the BEM model. They also reported that the double diffraction term was small that did 

not alter the predicted spectra. 

 

In a more recent study, Cheng and Ng [24] developed a scale model and computer 

program based on Maekawa's prediction [76] to analyze the performance of inclined 

barriers. In their study, only first order reflection was considered and multiple reflections 
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between barriers are not considered. They found that the average noise level at low 

receivers behind the near side barrier could be reduced by 4, 6 and 10 dB for 125, 250 

and 500 Hz, respectively, by tilting the angle of the far side barrier by over 10º. 

 

Apart from the above theoretical studies, there were also numerous full scale 

experimental investigations to the performance of parallel barriers. Hajek [43] carried out 

field measurements to study the acoustic performance of parallel barriers of height 3 m 

and separation 74 m. He found that the degradation of acoustic performance behind the 

near side barrier due to the insertion of the far side barrier was negligible. The above 

finding was supported by the outdoor measurements conducted by Halliwell [44]. He 

reported that no evidence was found that the far side barrier would degrade the 

performance of the near side barrier. He suggested that in most practical situations, the 

traffic noise would be masked by local noise sources in the surroundings, especially if the 

receivers were situated far behind the barrier. Slutsky and Bertoni [103] outlined a 

plausible explanation of why the effect of the second barrier on the overall sound field 

was so small. They argued that because the separation between the parallel barriers was 

large, this reduced the effect of multiple reflections between them. Nelson et al [82] also 

reported that, even if the separation between the barriers was reduced to 33m, no 

significant degradation of the overall sound field was found. 

 

On the other hand, Fleming and Rickley [38] conducted similar field tests on the acoustic 

performance of parallel barriers separated at a distance by 50 m in Maryland, USA. They 

reported that, when the far side barrier was inserted, a degradation of up to 2.8 dB(A) at 

40 m behind the near side barrier was found. This change in noise levels might be 

perceptible by the human ears as it had been stated that the smallest change in noise level 
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detected by humans is about 3 dB(A). Watts [119] investigated the performance of 

parallel barriers by carrying out full scale experiments. He detected a degradation of 4 

dB(A) behind a 2 m high near side barrier when reflective barrier of similar height was 

erected 34 m away. He also suggested that both sound absorptive barriers and tilted 

barriers were found to be effective in counteracting the degradation in the acoustic 

performance resulting from unwanted reflected paths. 

 

1.4.6 Performance of Noise Barriers in an Urban Environment 

 

Despite these widespread interests, there are relatively few studies that consider the 

shielding effect of barriers in the vicinity of tall buildings in an urban environment. 

Sakurai et al. [99] used a time-domain method to investigate the sound field of a façade-

barrier system. They studied the transfer function and the impulse response of the system. 

A spark pulse was used as the noise source in their experiment. They mentioned that their 

theoretical model could not correctly predict the sound field in the vicinity of the back of 

the barrier. 

 

Walerian et al. [57,58,114,115,116,117,118] presented a series of studies in the shielding 

performance of obstacles in different complex urban environments. They developed a 

computer program to predict the time-average sound levels in complex outdoor situations 

with various parameters including the road geometry, layout of the obstacles, nature of 

the traffic flow, etc. Predictions of the sound level distribution along building facades are 

also presented. 
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Godinho et al. [40] employed the boundary element method (BEM) to determine the 

shielding effects of an infinitely long barrier which was placed in front of tall building 

façades. In their study, different geometric models, with barriers of varying sizes, are 

used. They evaluated the reduction of sound pressure in the vicinity of the buildings and 

compared their results with a simplified method. They also performed a time-domain 

analysis to give better physical illustrations. 

 

Recently, Li and Tang [74] developed an image source model for the prediction of the 

insertion loss of barriers that are placed in front of a tall building in high-rise cities. 

Comparisons of the results with indoor experimental data and wave-based boundary 

element formulation show reasonably good agreement over a broad frequency range. 
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Chapter 2 In-situ Determination of the Acoustic 

Impedance of a Plane Surface 

 

2.1 Introduction 

 

As a result of the limitations in standardized laboratory measurement methods for the 

determination of the acoustic impedance [6,7,54,55,56], the need of an in-situ method to 

obtain the acoustic impedance has emerged. Methods based on in-situ information of 

acoustic reflection from the surface of a specimen have been developed 

[2,3,4,33,51,71,72,79,85,86,87,88,108,121,122]. There is also a new standard [20] 

recently published for an in-situ evaluation of the reflective index of road traffic noise 

reducing devices. In our study, we would like to develop a complete methodology and 

setup for the in-situ determination of the acoustic impedance of any sound absorption 

material to be put on the barrier surface for enhancing noise abatement. The acoustic 

impedance is defined as the ratio of the complex amplitudes of sound pressure and 

particle velocity. It is a quantity with both magnitude and phase information. Retrieving 

these properties from the measurement of the reflection signals would be the main theme 

of the present study. 

 

Having the advantage of high noise immunity, the technique of maximum length 

sequences (MLS) would serve well for the in-situ purpose. Wilms and Heinz [121] were 

among the first to report the use of the MLS technique to extract the direct and reflected 

sound. Garai [39] later conducted investigations on the limitation of frequency range and 

specimen size of the MLS method. Mommertz [79] suggested an improved subtraction 
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technique for the MLS method. These early studies form the basis of the standard BS 

1798-5 [20] for the in-situ measurement of the reflective index of noise reduction device. 

It is also known as the ADRIENNE method. 

 

With the MLS technique, Nocke et al [86,87,88] presented an improved methodology of 

impedance deduction from measurements of complex excess attenuation spectrum at near 

grazing angles intended for locally reacting surfaces. This methodology is frequently 

referred as the transfer function method and it involves two separate measurements. First, 

the sound pressure of the direct field without any reflection surface is measured. Second, 

the overall sound pressure with direct transmission and reflection from the specimen 

surface under investigation is measured. The ratio of the sound pressures from these two 

measurements forms the complex excess attenuation function. The impedance is deduced 

by iterative search of the value of impedance providing the best matched theoretical 

excess attenuation with the measured one. The Downhill Simplex method is suggested 

for the iteration. Taherzadeh and Attenborough [106] later found the Newton-Raphson 

method was also effective and more efficient in finding the impedance. More recently, 

Attenborough and Boulanger [13] have suggested the use of the winding number integral 

method described by Brazier-Smith and Scott [19] for overcoming the difficulty in 

picking up the correct root. 

 

Based on the excess attenuation transfer function method from Nocke et al as mentioned 

before, we would like to develop a methodology and setup for in-situ determination of 

the acoustic properties of any sound absorption materials which will be put on the 

barriers’ surface for improving the shielding efficiency. We would like to explore 

improvements on numerical deduction and experimental measurement techniques. 
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Comparisons of the deduced impedance with various parametric models are also 

presented. 

 

2.2 Theory 

 

Instead of the spherical wave reflection coefficient obtained from the measurements as 

proposed by Nocke [86,87,88], the input data for our refined method is the directly 

measured transfer function of the complex excess attenuation above the surface under 

consideration. Deduction of the surface characteristic under consideration is made by 

searching a theoretical value of the impedance that best fit the excess attenuation 

measured at each frequency. Although the input data is different, the theoretical basis of 

our refinement is also the classical Weyl van der Pol formula for predicting the 

propagation of sound above an impedance plane [27,28]. The difference in the input data 

provides more flexibility in choosing various acoustic theories to be applied in future. 

 

2.2.1 Weyl van der Pol 

 

In the case of a point source S  located above an impedance plane, the overall sound 

pressure at the receiver ℜ  is obtained by summation of the direct and reflected 

components. This is denoted as, 

( ) 00, PQPP ×+=ℜS          (2.1) 

where, 0P  is the free field pressure contribution at ℜ  from S  

 0P  is the free field pressure contribution at ℜ  from ground reflected image 0I  

 Q  is the spherical wave reflection coefficient 
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For the free field pressure contribution from the source and its image, they can be 

determined by, 

1
0

1

R
eP

ikR

= ,          (2.2) 

and 

2
0

2

R
eP

ikR

= ,          (2.3) 

where 1R  is the distance between the source S  and receiver ℜ , 2R  is the distance 

between the source S  and ground reflected image source 0I  and k  is the wave number. 

The time dependent term tie ω−  is omitted. 

 

The spherical wave reflection coefficient Q  is the quantity that depends on the acoustic 

properties of the surface and the geometrical configuration of the source and receiver. 

Denoting the specific normalized impedance of the surface as Z , the spherical wave 

reflection coefficient can be expressed as, 

( ) ( )µFRRZQ pp ×−+= 1)(         (2.4) 

In equation (2.4), the term pR  is the plane wave reflection coefficient denoted by, 

βθ
βθ

+
−

=
cos
cos

pR
,         (2.5) 

in which β  is the specific normalized admittance defined as the reciprocal of the specific 

normalized impedance and θ  is the angle of incidence of the reflected wave. The term 

( )µF  is commonly referred as the boundary loss factor and is given by, 

( ) ( )µµπµ µ ×−×××+= − ieiF erfc1
2

,      (2.6) 



In-situ Determination of the Acoustic Impedance of a Plane Surface 

 
Chapter 2 27 

where µ  is the numerical distance and erfc  is the complementary error function. The 

numerical distance µ  is commonly expressed as, 

( ) 22
cos Rki

×××+= θβµ .        (2.7) 

By defining 22
Rki

××=τ  and )(erfc)(
2

µµ µ ×−×= − iew , the spherical wave reflection 

coefficient can be further simplified as,  

( )µβπτ wiZQ ×××××+= 21)( .       (2.8) 

 

2.2.2 Complex Excess Attenuation Transfer Function 

 

The excess attenuation is commonly defined as the ratio of the total sound field to the 

direct component of the sound field. We denote the complex excess attenuation as H . 

With some manipulation, the transfer function H  can be expressed in terms of the 

impedance Z  as follow, 

( )12

2

1

0

00

)(1

)(
)(

RRike
R
RZQ

P
PZQP

ZH

−××+=

×+
=

.       (2.9) 

For a particular impedance of the reflecting surface and geometric relationship between 

the source and receiver, equation (2.9) will give the corresponding complex excess 

attenuation. 

 

The determination of impedance would be an inverse problem of equation (2.9). The 

excess attenuation above the impedance surface is first measured. The impedance is then 
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deduced by searching the value of which will result the complex excess attenuation by 

equation (2.9) matched well with the measured value. 

 

Mathematically, the solution searching is achieved by minimization of the function ( )ZΓ  

defined as, 

( ) ( ) measuredHZHZ −=Γ ,        (2.10) 

where ( )ZH  is the complex excess attenuation transfer function with input parameters 

1R  and 2R  corresponding to the geometry in the measurement and measuredH  is the 

measured value. Downhill Simplex method was used by Nocke [87] and Panneton et al 

[89] for this minimization. Newton-Raphson method was adopted by Taherzadeh and 

Attenborough [106]. More recently, Attenborough and Boulanger [13] suggested the 

Muller method. In the following section, we report the use of the Downhill Simplex and 

Newton-Raphson methods adopted in our study. 

 

2.2.3 Downhill Simplex method 

 

The Downhill Simplex method was first used by Nocke [86,87] for the impedance 

deduction. It is an iterative algorithm to solve unconstrained minimization problems 

numerically for multidimensional variables without the use of derivatives. Details of the 

implementation and theory of the method have been outlined by Press [93]. 

 

For the function ( )ZΓ  defined in equation (2.10), it can be considered as a two 

dimensional problem. The real and imaginary parts are taken as two individual 

parameters with equal priority. A starting guess simplex with 3 points is therefore needed. 

The iteration is carried out from the lowest frequency to the highest. For the first lowest 
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frequency, the starting simplex we selected consists of iZ 001 += , iZ 012 += , and 

iZ 103 += . Various operations of the minimization are subsequently carried out until a 

predefined tolerance or number of iterations is reached. From the adaptive algorithm 

suggested by Nocke [87], the final simplex resulted is then used for the minimization of 

the next frequency. This adaptive algorithm also solves the problem of non-uniqueness in 

the numerical solution. 

 

2.2.4 Newton-Raphson method 

 

Another method suggested for the minimization is the well known Newton-Raphson 

Method [106]. With this method, an improved approximation of the impedance, iZ , 

towards the initial approximation, 0Z , can be obtained from 

( )
( )0

0
00 Z

Z
ZZZZi Γ′

Γ
−=+= δ

.        (2.11) 

The prime in equation (2.11) denotes the differentiation with respect to the argument. By 

iteration, the impedance of the surface can be obtained until a desired accuracy is 

achieved. 

 

The differentiation term, ( )ZΓ′ , of the minimization function can be expressed as follows, 

( ) ( ) ( )

β∂
∂

×××−=
∂
Γ∂

=Γ′ − Qe
R
R

ZZ
ZZ RRik 12

2

1
2

1
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The derivative term, 
β∂
∂Q , can be expressed as, 

( )[ ])(12)(2)( zwizzwiQ
×+×−×=

∂
∂ πτβπτ

β
β

.     (2.13) 
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2.2.5 Determination of Parametric Values for Various Impedance Models 

 

The impedance deduced from the minimization process are the actual impedance. For 

further analysis and study, a convenient representation of the impedance spectra would 

be necessary. Various models have been developed to describe the impedance with 

relation to the properties of the medium in the past [14]. 

 

The most commonly used impedance model is the Delany and Bazley model [34]. The 

model is originally intended for the fibrous absorbent materials. It is, however, found to 

be remarkably successful for modelling the ground effect in outdoor sound propagation. 

For a semi-infinite homogeneous locally reacting surface, the Delany and Bazley model 

expresses the impedance Z  with a single parameter as follows, 

73.075.0

0768.00511.01 ⎟⎟
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××+⎟⎟
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×+=

f
i

f
Z ee σσ

,     (2.14) 

where f  is the frequency in Hz and eσ  is the flow resistivity in 2−⋅⋅ msPa . 

For a locally reacting surface with finite thickness d  above a hard-back layer, we denote 

the impedance as 'Z . By the Delany and Bazley model, 

( )ikdZZ −×= coth' ,         (2.15) 

where the term Z  is calculated from equation (2.14). 

 

For an extended-reaction surface, the impedance determined by the minimization gives 

the effective impedance at the corresponding incident angle only [88]. In order to obtain 

the impedance for a full range of angles, one should perform the measurements in all 

directions. However, this would be time consuming and inefficient. A less rigorous but 

more realistic alternative method is fitting the measurement data of one direction into 



In-situ Determination of the Acoustic Impedance of a Plane Surface 

 
Chapter 2 31 

parametric models for extended-reaction surfaces. One of the commonly used models for 

this type of surface is the Pyett model [94] as reported in studies by Li et al [73] and 

Nicolas and Berry [84]. In the Pyett model, the effective impedance eZ  of a semi-infinite 

homogeneous extended-reaction surface with incident angle θ  is, 

θ22 sin−
×=

n
nZZe

,        (2.16) 

where n  is the reflective index defined as the ratio of the wave number of the medium k  

to the wave number of the air 0k . We can apply the Delany-Bazley model to calculate the 

terms Z  from equation (2.14) and n  as follows, 
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For a finite thickness d  above a hard-back layer, the effective impedance '
eZ  is, 

( )θ
θ

22
022

' sincoth
sin

−××××
−

×= ndkZ
n

niZe

.    (2.18) 

 

Apart from the above models presented, there are also other more sophisticated models 

available [8,9,14,78]. Due to their complexity, however, they will not be considered in 

the present study. Among the above models being considered, the only parameter related 

to the property of the medium is the flow resistivity. For the determination of the best fit 

value of this parameter with the impedance measured, we found the technique of the least 

squares fitting to be very effective and efficient. 
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2.3 Stability and Efficiency Analysis 

 

To have a better understanding of the stability and efficiency of the two iteration methods, 

simulations have been conducted for the deduction of acoustic impedance. We use the 

Delany-Bazley model for a locally reacting surface. We assume an effective flow 

resistivity eσ  of 20000 MKS rayls/m to simulate an impedance spectrum with frequency 

ranging from 100 Hz to 10,000 Hz. With the geometrical configuration as shown in 

figure 2.1, the corresponding excess attenuation calH  is obtained by equation (2.9). 

Random errors on the magnitude λ  and phase ϕ  are then added to the calculated excess 

attenuation for the simulation as follows, 

( ) max
max1 ϕδλδ ××××+×= i

calsim eHH .       (2.19) 

δ  is an arbitrary value range from -1 to +1 which is generated randomly by the computer. 

maxλ  and maxϕ  are the parameters used to control the maximum value of the error in 

magnitude and phase of the excess attenuation respectively. To demonstrate the stability 

and efficiency among the two iteration methods, simulations with different degree of 

errors controlled by different maxλ  and maxϕ  are carried out. 

 

The execution of the computational codes is done by Matlab on a PC with an Intel P4 

2.26 GHz processor and 1GB of memory. The running time required for each deduction 

is recorded and the deducted results are summarized in table 2.1. It is observed that the 

computational time and the deviation from the original values for both methods increase 

with the amount of random errors added to the data. In general, it is found that the 

Newton-Raphson method is faster than the Downhill Simplex method. On the other hand, 

parameters obtained by the Downhill Simplex method are closer to the original one. 
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Therefore, it is difficult to claim any one of them is superior. The two methods would be 

complementary with each other. 

 

Another important observation from the numerical simulation is the importance of the 

phase information. The excess attenuation is a complex transfer function. In most of the 

presentation, only the magnitude is described and the phase is ignored. From our 

simulation, the phase information should be very important when using the excess 

attenuation for impedance deduction. Considering the simulations 03 and 13 shown in 

figure 2.2 and figure 2.3 respectively, a disturbance of 30% in magnitude only slightly 

affects the deduction while a disturbance of 30% in phase gives a large error in the 

deduction. The accuracy in phase would be affected largely by the accuracy in 

positioning. Therefore, special attention should be given to the measurements for the 

spatial locations of microphone and sound source. 

 

2.4 Measurement Technique 

 

As shown in our previous analysis, the technique for impedance deduction is strongly 

dependent on the measurement data. Poor quality measurement data will result in an 

inaccurate deduction of impedance. Due to the nature of the inverse problem, there may 

be no solution obtained if the inaccuracy is too large. Great care should be taken to 

minimize any error involved in the measurement to ensure high quality data. 
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2.4.1 Procedures and Methodology of the Measurement 

 

In this section, the general procedures and methodology of the measurement are 

presented. Two separate measurements are required for obtaining the excess attenuation, 

measuredH . They are the measurements of the frequency responses between the source and 

receiver with and without the impedance surface. The excess attenuation, measuredH , is the 

ratio of these two frequency responses measured. For the frequency response with the 

impedance surface, we position the speaker and microphone close to the surface with a 

small oblique angle. For the frequency response without the impedance surface which is 

commonly referred to as the free field measurement, we locate the speaker and 

microphone far away from any surface to avoid unwanted reflections and separate them 

with the same distance used in the previous measurement for the convenience of 

subsequence data processing. 

 

The measurement of frequency response employs a special type of test signal called a 

maximum-length sequence (MLS) and is chosen as the preferred alternative to the 

conventional white noise stimulus. The deterministic nature of the maximum-length 

sequence provides a vast signal-to-noise ratio which would be ideal for an in-situ 

application. As the measurement is on the time domain, manipulation to eliminate 

unwanted reflection is also possible. The equipment arrangement is shown in figure 2.4. 

The MLS signals are generated by the MLSSA 2000 card, transferred via the built-in 

DA-converter, and amplified by a B&K 2713 power amplifier. The MLS signals are then 

connected to a loudspeaker which emits sound for measurements. The acoustic response 

is recorded by a B&K 4942 microphone. The received signals are then transmitted back 

to the MLSSA 2000 card through the B&K 2671 preamplifier and B&K NEXUS 
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conditional amplifier. Typical data measured in the time domain is shown in figure 2.5. 

Depending on the geometrical relation, the direct and reflected signals may merge or 

separate with each other. The frequency response can then be obtained by applying a Fast 

Fourier Transform (FFT) to the selected signals. The excess attenuation, measuredH , is 

obtained by using the free field response as the reference signal when applying the FFT 

to the measurement with the impedance surface. 

 

2.4.2 Point Source Loudspeaker 

 

The theory of the impedance deduction is based on the sound propagation of a point 

source. The consistence of the sound source towards a theoretical point source in the 

measurement will affect the deduction results. In the following section, we will present 

the study in the simulation of a spherical point source from a loudspeaker and the 

corresponding usage in the impedance deduction. 

 

Most commercial available loudspeakers generate sound waves from cone shaped driving 

units. Due to the physical shape of the vibration diaphragm, the wavefront is no longer 

spherical. The wavefront is further distorted due to the reflection from the case of the 

speaker and the interference with any available tweeter. For a typical box type speaker 

with size of 290mm(H)x200mm(W)x170mm(D) as shown in figure 2.6, we measured the 

directivity in the X-Y plane and the Y-Z plane. The measured results of the directivity 

pattern in various frequency bands are shown in figures 2.7 and 2.8. 

 

From the measured directivity pattern, the acoustic power is concentrated in front of the 

loudspeaker. It is clear that we cannot use those box type commercial speakers for the 
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experimental simulation of a theoretical point source. For the study of impedance 

deduction and any further experimental study, we have developed a point source 

generator by mounting a copper pipe with l.5m length and 25mm diameter in front of a 

small speaker as shown in figure 2.9. The sound wave emitted from the speaker is 

trapped along the pipe and diffused out from the circular exit at the end. A directivity 

measurement has been conducted to validate the spherical properties of a point source 

and the results are shown in figure 2.10 and 2.11 

 

From the measured results, we can observe that the point source loudspeaker provides 

much better performance than the box type loudspeaker. In the XY plane, deviation is 

within 5 dB for frequency bands of 250 Hz to 1000 Hz. In the YZ plane, the deviation for 

all direction is within 1 dB for frequency above 250Hz. Therefore, the YZ plane should 

be chosen for the point source simulation. 

 

2.4.3 Time Window in Fast Fourier Transform (FFT) 

 

The process of Fast Fourier Transform (FFT) plays an essential role in attaining the 

transfer functions in frequency domain from the time domain data acquired. Parameters 

used in FFT could affect the resulting spectrum of the transfer function. Addition of any 

weighting to the original signals should be avoided and, hence, rectangular windows are 

selected in the analysis of our study. The available range of frequency from FFT is 

limited by the length of the FFT window which is usually very short in duration due to 

the constraint of unwanted reflection afterwards. The highest sampling frequency is used 

in order to obtain the largest amount of data. For the MLLSSA system used, we set the 

sampling rate at 160 kHz. Another important parameter is the starting point of the 
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window. As we compared the ratio of the transfer function of two measurements, the 

starting time of the FFT window should be the same for the two measurements. 

Otherwise, the phase information would be shifted and the deduction will become 

difficult and unreliable due to the error introduced. By keeping the same separation 

distance between the source and receiver for all measurements, we can confirm the phase 

consistence by checking the signals of free field measurement and impedance 

measurement in the time domain. The signals are consistent in phase if they coincident 

with each other at the beginning region and an example is demonstrated in figure 2.12. 

 

2.5 Validation of Measurement with Fiber Glass 

 

In order to validate the method, we carried out the impedance deduction with a 25 mm 

thick fiber glass with density of 48 3/ mkg . The measurement is carried out inside an 

anechoic chamber to avoid unwanted reflection. The fiber glass is placed above a wooden 

board and measurements are conducted above it with different geometries. We use the 

measurement data to deduce the impedance with three models discussed above. Model (i) 

denotes the Delany-Bazley model for semi-infinite locally reacting medium as shown in 

equation (2.14). Model (ii) refers to the Delany-Bazley model for locally reacting 

medium with finite thickness above a hard-back layer as shown in equation (2.15). Model 

(iii) represents the Pyett model for extended reacting medium with a finite thickness 

above a hard-back layer as shown in equation (2.18). We only consider the data of 

frequency ranging from 400 Hz to 4000 Hz for the determination of the parameter. The 

results are summarized in table 2.2 and figures 2.13 to 2.19. 
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From the experimental results, it is found that different empirical models will give fitted 

parameters in different range. The parameters for model (i) and (ii) are close with each 

other while parameters for model (iii) are much smaller. It is mainly because different 

models are designated for medium of different nature. Model (i) and (ii) are for locally 

reacting surface in which the impedance is independent of angle while the model (iii) is 

for extended reacting surface in which the angle of propagation is a dependent factor. 

Therefore, parameters deduced from one model are not equivalent of others.  

 

Another finding is that parameters deduced with deviation may be observed from the 

degree of matching in excess attenuation plots. Considering the second measurement 

shown in figure 2.14 as an example, all the three fitted excess attenuation have the first 

trough shifted in frequency. The shifting is probably due to phase error during the 

measurement and the resulted parameters do have significant difference when compared 

with measurement at other angles. 

 

2.6 Conclusions 

 

In this chapter, the study of in-situ determination of the acoustic impedance is presented. 

A review on the development of in-situ measurement techniques has been conducted. 

Based on the achievement reported by Nocke et al [86,87,88], improved methodology 

and experimental setup are developed for the in-situ determination. The principle of the 

method is based on the classical spherical wave propagation theory and numerical 

minimization techniques. With the use of the MLS technique, the high noise immunity of 

the method makes it very appropriate for in-situ condition. Numerical simulations with 

artificially added random errors have been conducted to explore the stability and 
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efficiency of various numerical minimization methods. From the simulation, the 

importance of the accuracy in phase is examined. For the measurement technique, 

improved method for point source simulation have been suggested and validated. 

Measurement on fibre glass with the in-situ method developed is conducted. Fitting the 

deduced impedance with various parametric models shows a good agreement. In 

conclusion, the developed method and setup for the in-situ impedance determination is 

found to be effective and successful. The methodology can gives the impedance of noise 

barrier surfaces in-situ and hence provide the essential quantity in modelling study of 

shielding performance in the coming chapters. 
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Figure 2.2 Simulation of deduction with a disturbance of 30% in magnitude added on the excess 

attenuation (H). In the simulation, the height of the source (SH) was 0.2m, the horizontal separation 

between the source and receiver (HS) was 1m, and the height of the receiver (RH) was 0.2m. The 

deduction elapsed time is 155s and resulted a flow resistivity of 17,119 MKS rayls/m. The original flow 

resistivity was 20,000 MKS rayls/m. 



In-situ Determination of the Acoustic Impedance of a Plane Surface 

 
Chapter 2 42 

102 103 104
-5

0

5
SH=0.200m; HS=1.000m; RH=0.200m

E
xc

es
s 

A
tte

nu
at

io
n,

 H
 (d

B
)

H with error
H by deducted parameter
H original

102 103 104
-10

-5

0

5

10

15
sigma = 3773 MKS rayls, elapsed time = 189 s

Frequency (Hz)

Im
pe

da
nc

e 
Z

Real[Z] - from direct deduction
Img[Z] - from direct deduction
Real[Z] - by parameter deduced
Img[Z] - by parameter deduced
Real[Z] - original
Img[Z] - original

 

Figure 2.3 Simulation of deduction with a disturbance of 30% in phase added on the excess 

attenuation (H). In the simulation, the height of the source (SH) was 0.2m, the horizontal separation 

between the source and receiver (HS) was 1m, and the height of the receiver (RH) was 0.2m. The 

deduction elapsed time is 189s and resulted a flow resistivity of 3,773 MKS rayls/m. The original flow 

resistivity was 20,000 MKS rayls/m. 
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Figure 2.4 Equipment set-up for the measurement of frequency response measurement 
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Figure 2.5 A typical MLS signal measured in time domain by MLSSA. 
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Z

 

Figure 2.6 The coordinate system defined for the directivity measurement of the box type speaker. 

The (0,0,0) is at the geometrical center of the speaker. 
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Figure 2.7 The directivity pattern of various frequency band in XY plane of a box type speaker. 
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Figure 2.8 The directivity pattern of various frequency band in YZ plane of a box type speaker. 
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Figure 2.9 The coordinate system defined for the directivity measurement of the point source 

speaker. The (0,0,0) is at the center of the circular exit. 
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Figure 2.10 The directivity pattern of various frequency band in XY plane of the point source speaker. 
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Figure 2.11 The directivity pattern of various frequency bands in YZ plane of the point source 

speaker. 
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Figure 2.12 The MLS signal of free field measurement (solid line) and impedance measure (dotted 

line) in time domain. They are coincident with each other at the beginning. 
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Figure 2.13 Impedance deduction and parametric fitting of measurement with incident angle of 76°. 

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the 

height of the receiver (RH) were 0.125m, 1.0m, and 0.125m respectively. 
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Figure 2.14 Impedance deduction and parametric fitting of measurement with incident angle of 72.8°. 

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the 

height of the receiver (RH) were 0.155m, 1.0m, and 0.155m respectively. 
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Figure 2.15 Impedance deduction and parametric fitting of measurement with incident angle of 69.7°. 

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the 

height of the receiver (RH) were 0.185m, 1.0m, and 0.185m respectively. 
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Figure 2.16 Impedance deduction and parametric fitting of measurement with incident angle of 66.7°. 

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the 

height of the receiver (RH) were 0.215m, 1.0m, and 0.215m respectively. 
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Figure 2.17 Impedance deduction and parametric fitting of measurement with incident angle of 63.9°. 

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the 

height of the receiver (RH) were 0.245m, 1.0m, and 0.245m respectively. 
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Figure 2.18 Impedance deduction and parametric fitting of measurement with incident angle of 61.2°. 

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the 

height of the receiver (RH) were 0.275m, 1.0m, and 0.275m respectively. 
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Figure 2.19 Impedance deduction and parametric fitting of measurement with incident angle of 58.6°. 

The height of the source (SH), the horizontal separation between the source and receiver (HS), and the 

height of the receiver (RH) were 0.305m, 1.0m, and 0.305m respectively. 
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Newton-Raphson Downhill Simplex

elapsed time 
(s)

elapsed time 
(s)

01 0.1 0.0 14 19737 141 19737
02 0.2 0.0 15 17772 136 17772
03 0.3 0.0 15 16982 155 17119
04 0.4 0.0 18 16263 144 16359
05 0.5 0.0 12 15532 161 15580
06 0.6 0.0 5 12140 144 14688
07 0.7 0.0 21 7061 173 12313
08 0.8 0.0 5 4842 167 12181
09 0.9 0.0 15 8743 172 10210
10 1.0 0.0 8 4982 167 10481
11 0.0 0.1 x π 15 15106 158 15123
12 0.0 0.2 x π 8 8585 162 8883
13 0.0 0.3 x π 11 351 189 3773
14 0.0 0.4 x π 23 417 207 2795
15 0.0 0.5 x π 19 912 229 2447
16 0.0 0.6 x π 17 398 255 2431
17 0.0 0.7 x π 37 869 260 218
18 0.0 0.8 x π 19 11 290 137
19 0.0 0.9 x π 30 545 347 115
20 0.0 1.0 x π 39 1198 344 55
21 0.1 0.1 x π 14 15367 165 15378
22 0.2 0.2 x π 7 7317 177 7659
23 0.3 0.3 x π 15 69 205 2299
24 0.4 0.4 x π 32 857 215 2383
25 0.5 0.5 x π 14 30 269 2084
26 0.6 0.6 x π 20 773 278 1421
27 0.7 0.7 x π 39 30 309 2
28 0.8 0.8 x π 29 677 343 247
29 0.9 0.9 x π 30 48 366 20
30 1.0 1.0 x π 35 235 381 29

no of 
simulation

maxλ maxϕ

rayls/m) (MKS eσrayls/m) (MKS eσ

 

Table 2.1 Summary for simulations of impedance deduction with different error. 
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Effective flow resistivity deduced,
model (i) model (ii) model (iii)

1 76.0° 66183 84008 4387
2 72.8° 135351 148849 1513
3 69.7° 80747 98947 3000
4 66.7° 66806 86518 3699
5 63.9° 54049 63001 5260
6 61.2° 53142 62248 4937
7 58.6° 50179 57704 4870

Average 72351 85896 3952

Angle of 
incident

No. of 
measurement

rayls/m) (MKS eσ

 

Table 2.2 Results of impedance deduction measurements with different angles. 
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Chapter 3 Parallel Barriers in front of a Façade 

 

3.1 Introduction 

 

In recent literature on outdoor sound propagation with noise barriers, two commonly 

utilized methods are the image source method (ISM) and the boundary element method 

(BEM). Models of the ISM are based on analytical solution for predicting the diffraction 

and reflection of sound. In this method, image sources that make possible contributions 

are first determined and their contributions are calculated according to their paths of 

contribution. The overall sound pressure is computed by coherent summation of all the 

contribution from possible image sources. This coherence summation provides the 

consideration in the interfering phenomenon of the sound wave. For the BEM, the 

principle is based on the Helmholtz integration equation and the exact solution is 

obtained numerically. It is very suitable for the outdoor situations as only discretization 

on the boundary is needed. The flexibility on the boundary geometry makes the method 

applicable to complex situations with multiple barriers and reflecting surfaces. With the 

advancement of the numerical technique and computation equipment, this method is 

found to be promising. In current practice, however, this method is still limited by its 

huge requirement of computation resources. 

 

For simple scenarios in which a single noise barrier is placed above a ground surface, 

there are numerous studies [52,53,56] for the shielding performance with the use of the 

ISM. The diffraction solution of Hadden and Pierce [42] has been utilized in most of the 

studies. Koers [64] later has suggested a heuristic diffraction solution of absorbing wedge 
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which is a modification of the Hadden and Pierce solution. Daigle et al. [31] claimed that 

the results from this model deviated from experimental data. However, Panneton et al. 

[89] have applied this heuristic model in their study of hard and absorbent parallel noise 

barriers and found good agreement with their experimental results. Salomons et al. 

[100,101] have also conducted comparison with the BEM, parabolic equation method, 

and experimental data. He found the Koers’s solution is considerably more accurate than 

reported by Daigle et al. The accuracy analysis in which they conducted also concludes 

the ISM is well applicable in situation with multiple reflections and diffractions. More 

recently, Li and Tang [74] have developed an image source model for the prediction of 

the insertion loss of a single barrier placed in front of a tall building. Comparisons of the 

results with indoor experimental data and wave-based boundary element formulation 

show reasonably good agreement over a broad frequency range. 

 

Success on the applications of the ISM provides us great confidence in the model 

development for the acoustic performance evaluation of parallel barriers placed in front 

of a building façade which is commonly encountered in high-rise cities. In the following 

sections, we report the development of the image source model presented in [63]. The 

hierarchy of image sources making contribution to the overall sound level and 

calculations of the corresponding contributions will be discussed in details. The 

prediction results from the image source model will be compared to the results from the 

wave-based boundary element formulation for validation. The effect on the shielding 

efficiency by mounting absorptive material on the surface of the barriers will be analyzed.  
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3.2 Theory 

 

3.2.1 Geometrical configuration of the problem 

 

In the present study, a typical scenario of a high-rise city as shown in figure 3.1 is 

considered in which a pair of parallel barriers is aligned with a row of tall buildings. 

Modeling this scenario, the tall buildings are replaced by a flat façade surface 

perpendicular to the ground. To facilitate the numerical analysis, a rectangular co-

ordinate system is chosen where the façade surface lies on the x = 0 plane and the ground 

surface lies on the z = 0 plane. The origin is located on the ground surface at the bottom 

of the façade. A pair of barriers is placed parallel to the façade where the near-side 

barrier B1 is located at a horizontal distance L from the building façade. The far-side 

barrier B2 is located at a horizontal distance W from the near-side barrier. The distance 

1W  and 2W  are the horizontal distances measured from the source to the near-side and 

far-side barriers B1 and B2 respectively. 

 

In order to study the effect of sound absorbent towards the acoustic performance, we 

allow those reflecting surfaces with finite impedance in our model. The various surfaces 

are characterized by the specific surface admittance of Fβ , B11β , B12β  B21β , B22β , 

G1β , G2β , and, G3β  for the facade surface FΓ , the outer surface of the near-side barrier 

B11Γ , the inner surface of the near-side barrier B12Γ , the inner surface of the far-side 

barrier B21Γ , the outer surface of the far-side barrier B22Γ , the ground between the 

building façade and the near-side barrier G1Γ , the ground between both barriers G2Γ , the 
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ground behind the far-side barrier G3Γ , respectively. The various notations of the 

admittance are shown in figure 3.1 also. 

 

To simplify the problem, we limit our consideration to the situation where the source 

denoted by S and receiver denoted by ℜ  are located at the same vertical plane at y = 0. 

We assume that the pair of barriers and the building façades are infinitely long along the 

y-axis such that contributions from the vertical edges of the barriers and facades are 

ignored in our analysis. By this simplification, it becomes a two dimensional problem 

only. The respective coordinates of the source and receiver are given by ( )SS ,0, zx≡S  

and ( )RR ,0, zx≡ℜ  where the subscripts S and R are used to represent the corresponding 

parameters for the source and receiver, respectively. In addition, we only consider the 

case where both barriers have the same height, H. The top edges of the near-side and far-

side barriers are denoted by ( )HL  ,0 ,≡Ε1  and ( )HWL  ,0 ,+≡Ε2  respectively.  

 

3.2.2 Principle of Image Source Method 

 

For the image source method (ISM), the total sound pressure at a particular location is the 

coherence summation of all contributions from the image sources that can make 

contribution to that location. The main tasks are to identify all the possible image sources 

and calculate the corresponding contributions. 

 

We identify the possibility of contribution of an image source by determining whether a 

valid transmission path can be established between the source and the receiver. The 

possible paths may be through direct transmission, reflection, and diffraction. They can 

be any combinations of reflections and diffractions with different orders. To reduce the 
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complexity in the determination of all possible paths, we only consider diffraction with 

the first order. Any further diffraction would be ignored. This assumption is justifiable 

because the diffracted sound field is generally much less than the direct and reflected 

waves. By this simplification, we can classify the contribution into two groups. 

 

3.2.3 Calculation of Contribution 

 

There are two groups of contribution. The first group consists of paths without any 

diffraction. (i.e. The image source can be observed by the receiver in straight line of 

sight.) The possible paths belonging to this group may be through direct transmission or 

reflection. We refer the image source in this group as a primary image. For a path of 

direct transmission, the contribution is calculated by 

( )
( )

⎪
⎪

⎩

⎪
⎪

⎨

⎧
⋅⋅−

=
⋅⋅

 wavespherical ldimensiona-3for ,

 wavelcylindrica ldimensiona-2for ,
,

)1(
0

R
e

RkHi
P

Rki
direct ℜS ,   (3.1) 

where, ( ) ( ) ( )RkYiRkJRkH nn ⋅⋅+⋅≡⋅)1(
0  is the Hankel function of the first type 

 ( )RkJ n ⋅  is a Bessel function of the first kind 

 ( )RkYn ⋅  is a Bessel function of the second kind 

 R  is the distance between the source S  and receiver ℜ  

 k  is the wave number. 

For a path with reflection, we calculate the contribution by multiplying a reflection factor 

to the direct contribution as follow, 

( ) ( )ℜℜ ,, )(
idirect

n
iireflection PVP II ⋅=        (3.2) 
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The factor of reflection )(n
iV  with n  order would be the multiplication of n  numbers of 

spherical reflection coefficients as follow, 

( )∏
=

=
n

j
j

n
iji

n
i QV

1

)(
,

)( ,, βℜΙ         (3.3) 

where, )(n
iΙ  denotes the i th image source with reflective order of n  

 jβ  is the surface admittance of the j th reflection 

 jiQ ,  is the reflection coefficient based on admittance jβ  and the distance between 

the image source )(n
iΙ  and receiver ℜ. For cylindrical wave, we assume the 

coefficient to be the plane wave reflection coefficient. For spherical wave, we use 

the spherical reflection coefficient. 

 

The second group consists of paths with diffraction. The primary image source is 

unobservable by the receiver directly. It is the diffraction edge that can be observed by 

the receiver in a straight line of sight. We refer the diffraction edge as a secondary image. 

There may be various orders of reflections before and after the diffraction. We denote the 

number of reflections before diffraction as n while the number of reflections after 

diffraction as q. The contribution of the k th path is determined by, 

( )RS
)()()()( ,,|,| ββEEI ℜq

k
n

i
n

i
q

kndiffractio TVVP ⋅⋅=      (3.4.) 

where, )(q
kV  is the reflection factor account for the reflections before the diffraction 

 )(n
iV  is the reflection factor account for the reflections after the diffraction 

 ( )RS
)()( ,,|,| ββEEI ℜq

k
n

iT  is the diffraction term  
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The diffraction term is the diffraction contribution of the sound pressure from a primary 

image source at )(n
iΙ , undergoing n number of reflections, diffracting at edge E , and then 

undergoing q number of reflections before reaching the receiver ℜ. To represent the 

relationship among )(n
iΙ  and E  in reflection before diffraction, we use the symbol EI |)(n

i . 

Similarly, we use the symbol ℜ|)(q
kE  to represent the relationship among )(q

kE  and ℜ  in 

reflection after diffraction. Symbol “ | ” is used instead of “,” for better differentiation 

among E  and )(q
kE . The term Sβ  represents the specific surface admittance of barrier 

surface facing the source while Rβ  is the specific surface admittance of barrier surface 

facing the receiver. This diffraction term adopts the Koers [64] modification of the 

Hadden and Pierce [42] solution to an absorbing wedge. With reference to figure 3.2, the 

computation is as follow, 

( ) ( ) ( )
( ) ( )RBSBRSRBSBR

RBSBSRBSB
q

k
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rrUQrrUT

,,,,
,,,,,,|,|

4433

2211RS
)()(

ξξ
ξξ

⋅⋅+⋅+
⋅+=ββEEI ℜ

  (3.5) 
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and 

RBSB rrL += .          (3.10) 

in which rs θθ  and   are respectively the angular positions of the source and receiver 

measured from the polar plane 0=θ  along the right side of the barrier surface, SBr  and 

RBr  are the radial distance from the source to the edge and from the edge to the receiver 

respectively, ( )S
)(

S ,, βEI n
iQQ =  and ( )R

)(
R ,, βE ℜq

kQQ =  are the spherical wave 

reflection coefficients accounting for the absorptive surface at the source side and 

receiver side respectively, and the integration in the term ( )RBSB rrU ,,ξ  can be done by 

the Laguerre technique [1]. 

 

3.2.4 Image Source Model 

 

Image sources are formed by various combinations of reflections and deflections. One of 

the main tasks in the image source model is to identify all the possible image sources 

which make contribution to the overall sound pressure at the point of consideration. The 

determination of the image sources is archived by checking whether the receiver is 

located in the illuminated zones of the image sources. The zone of illumination is 

obtained from geometric information of the situation. With more complexity in the 

geometry, the determination would be more difficult. 

 

Due to the lengthy content and high complexity of the model, the details of the 

determination of the possible images sources can be found in Appendix A. In brief, the 

images are classified as primary and secondary sources. For the primary image sources, 

there is no diffraction involved. For the secondary image sources, the contribution 
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involves the diffraction of sound. The image sources are further classified as sub-groups 

based on the sequence of diffractions and reflections. The coordinates, illumination zones, 

and pressure contributions of each sub-group will be discussed in details in Appendix A. 

 

3.3 Validation with Boundary Element Method 

 

The image source model derived in the previous section provides an effective and 

efficient methodology to the evaluation of the acoustic performance of parallel barriers in 

front of a building. For validation, we compare the results from the image source model 

with the results from numerical techniques. As the configuration concerned is an external 

problem where domains are extended to infinity, boundary element method (BEM) is 

chosen for comparison. This method has been extensively used to study outdoor sound 

propagation and performance of noise barrier. For the image source model, we have 

implemented the calculation by compiling with Matlab code. 

 

A realistic outdoor configuration is used in our analysis. The near-side and far-side 

barriers are of identical height of 2.5 m, and, they are situated at 5 m and 15 m in front of 

a building façade respectively. A noise source is located at 0.25 m above the ground and 

7.5 m in front of the façade, i.e. 2.5 m from the near side barrier. Two cases have been 

considered in our analysis. The first case considers the barriers as hard. The second case 

considers the inner surface of both barriers as absorptive. For the absorptive surface, the 

impedance surfaces are modeled with the Delany and Bazley model [34] with the flow 

resistivity equal to 40000 MKS rayls/m. The receivers considered are located 1m away 

from the façade surface and with heights of 1m, 2m, 5m and 10m. In the calculation of 

image source model, the maximum orders of reflections are restricted to 100 for both n 
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and q in the image source model. For the implementation of the BEM, computer codes 

developed by the Acoustics Research Centre at the University of Hull is utilized with the 

permission of Dr. K M Li. For the simplicity, the elements of BEM analysis are 

distributed evenly in length. The lengths of each elements are shorter than 1/10 of the 

corresponding wavelengths to ensure to ensure a higher accuracy for the purposes of 

benchmarking. Meanwhile, smaller of element sizes are used for lower frequency to 

ensure sufficient representation of the spatial profile. Confirmed with convergence 

checking, the elements sizes adopted are summarized in table 3.1. Based on the available 

computation resources, the height of the building façade is taken as 25m for eliminating 

the effect of diffraction at the top of the façade surfaces. 

 

As shown in figures 3.3 to 3.6, we compare the spectrums of insertion loss at four 

receiver positions calculated by the two methods. The first two locations R=(1,0,1) and 

R=(1,0,2) are in the shadow zone. The third location R=(1,0,5) is near the direct line of 

sight. The last location R=(1,0,10) is illuminated directly by the source. Those negative 

values of insertion loss indicate the barriers provide no noise reduction and even enhance 

the noise for the particular frequency. Predicted results from both methods agree very 

well with each other. The ISM determines the locations of peaks and troughs in 

frequency domain accurately.  The magnitudes of those peaks and troughs among these 

two methods have some small differences. The results of the ISM tend to have higher 

fluctuations than the predictions by the BEM. In real situation, the prediction of the high 

peaks and low troughs are mostly unattainable. We can also observe this phenomenon in 

the section with experimental validation. 
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Having successfully completed the predictions with hard barriers, we progress to the 

prediction with absorptive barriers. We assume that the inner surfaces of the parallel 

barriers are absorptive and model the acoustic impedance with the Delany and Bazley 

model [34] with the flow resistivity equal to 40,000 MKS rayls/m. This degree of 

absorptiveness is quite high for the outdoor situation. The value is chosen for illustrative 

purpose. Similarly, we calculate the insertion loss at the same locations by both methods. 

The results are shown in figures 3.7 to 3.10 for the four positions respectively. Again, 

there is quite a good agreement between the two methods. To illustrate the effect on the 

shielding efficiency by mounting absorptive material on the surface of the barriers, we 

further calculate the improvement on the insertion loss due to the absorptive material. It 

is defined as the extra gain in insertion loss and calculated by the difference of the 

insertion loss of the two cases. The results of all four positions are shown in figure 3.11. 

Again, we should ignore those high peaks and low troughs. In general, there are 

observable improvements over a broad frequency range. As the improvement is highly 

fluctuating along the frequency axles, it is difficult to quote a qualitative value on the 

overall improvement. Due to the degree of absorptiveness is assumed to be much higher 

than reality, the actual effect of adding absorptive surface in a real life situation would be 

insignificant. 

 

3.4 Validation with Experimental Measurements 

 

Apart from comparison with numerical method as discussed previously, we further 

validate the prediction model with results from experimental measurements. The 

measurement consists of a scaled-down configuration as shown in figure 3.12. The 

façade and ground surfaces are made of 8.5mm thick wooden board. The height of the 
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facade is 2.44m which is high enough to ignore the diffraction at the top edge. The 

barriers consist of 3mm thick aluminum plate with height of 0.5m and length of 4.5m. 

They are placed 0.75m and 1.5m in front of the wooden board respectively. The source is 

located 1.25m in front of the façade surface and at a height of 0.125m. The receiver is 

placed 0.123m in front of the building façade with various heights. For modeling the 

absorptive surface, we attach the same 25mm thick glass fiber with density of 48 3/ mkg  

used in the in-situ impedance determination. 

 

The whole measurement is conducted inside an anechoic chamber of dimensions 

6m6m6m ×× . The insertion loss used for comparison is obtained by measuring the 

transfer function with and without the barrier. The MLS system and equipment used are 

the same as before. Special attentions have been put on the orientation of the speaker and 

microphone for the modeling of spherical waves. Details on the measurement technique 

has been discussed earlier in Chapter 2. 

 

Comparison of the insertion loss spectrum for the parallel barriers with hard surfaces at 

locations (0.123,0,0.1), (0.123,0,0.5), (0.123,0,1) and (0.123,0,1.5) are shown in figures 

3.13 to 3.16 respectively. For the parallel barriers with absorptive surfaces, the 

comparison of the insertion loss is shown in figures 3.17 to 3.20. In the theoretical 

calculation, the absorptive surface is modeled with the Delany and Bazley model [34] 

with the flow resistivity equal to 72,351 MKS rayls/m. This value is deduced from the 

method discussed in Chapter 2. In addition, we have illustrated the measured and 

calculated improvement on the insertion loss due to the absorptive material in figure 3.21. 

The theoretical predictions agree quite well with the experiment results. As mentioned in 
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the previous section, the theoretical prediction tends to have higher peaks and lower 

troughs than the measured values. 

 

3.5 Conclusions 

 

In this chapter, we have reported the development of a computational model for the 

shielding performance evaluation of parallel barriers placed in front of a tall building. 

The model developed is based on the ISM and various classical theories of sound 

propagation from geometrical acoustic. The hierarchy of the image sources making 

contribution to the overall sound level and the calculations of the corresponding 

contributions are outlined in detail. This hierarchy provides an efficient implementation 

in searching valid source images and shortens a lot of time for calculation. Besides, the 

prediction model developed contains the ability in handling surface with finite acoustic 

impedance. This gives the possibility for the analysis of absorptive barriers and road 

pavement. The prediction results from our image source model are found to be consistent 

with the calculated results by the BEM and experimental measurement. With the accurate 

prediction capability and high computational efficiency, this image source model 

provides a valuable tool for the evaluation in the design stage and a huge contribution to 

urban planning. 

 



Parallel Barriers in front of a Façade 

 
Chapter 3 74 

 
Figure 3.1 Schematic diagram of the specified problem. A source S is located at Io≡(xS, 0, zS) and a 

receiver ℜ at (xR, 0, zR). A pair of parallel barriers, B1 and B2 of height H is placed at a 
distance L from a façade surface ΓF of infinite height. The barriers are separated at a 
distance W apart and divide the ground surface into ΓG1, ΓG2 and ΓG3. 

 
 
 

 
Figure 3.2 Schematic diagram of the geometrical configuration for the calculation of the diffraction 

component of a barrier. The distance from the source S to the edge E is denoted as rSB 
while the distance from the edge E to the receiver ℜ is denoted as rRB. The angle from 
the source S to the barrier surface opposite to the source S is denoted as θs. The angle 
from the receiver ℜ to the barrier surface opposite to the source S is denoted as θr. 
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Figure 3.3 The spectrum of insertion losses (IL) at location ℜ=(1,0,1) with parallel barriers having 

hard inner surfaces in front of a building façade. The solid line represents predictions by 
the image source method (ISM) and the dashed line with dots represents numerical 
predictions based on the boundary element method (BEM). 

1000 1500 2000
-50

0

50

100

1
5 10

1
2.5 0.25 

2.5



Parallel Barriers in front of a Façade 

 
Chapter 3 76 

102 103 104
-40

-20

0

20

40

60

80

100

120
In

se
rti

on
 L

os
s 

/ d
B

Frequency / Hz

ISM
BEM

 
Figure 3.4 The spectrum of insertion losses (IL) at location ℜ=(1,0,2) with parallel barriers having 

hard inner surfaces in front of a building façade. The solid line represents predictions by 
the image source method (ISM) and the dashed line with dots represents numerical 
predictions based on the boundary element method (BEM). 
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Figure 3.5 The spectrum of insertion losses (IL) at location ℜ=(1,0,5) with parallel barriers having 

hard inner surfaces in front of a building façade. The solid line represents predictions by 
the image source method (ISM) and the dashed line with dots represents numerical 
predictions based on the boundary element method (BEM). 

1000 1500 2000
-10

0

10

20

30

2.5

5

0.25 
2.5

1
5 10



Parallel Barriers in front of a Façade 

 
Chapter 3 78 

102 103 104
-40

-20

0

20

40

60

80

100

120
In

se
rti

on
 L

os
s 

/ d
B

Frequency / Hz

ISM
BEM

 
Figure 3.6 The spectrum of insertion losses (IL) at location ℜ=(1,0,10) with parallel barriers having 

hard inner surfaces in front of a building façade. The solid line represents predictions by 
the image source method (ISM) and the dashed line with dots represents numerical 
predictions based on the boundary element method (BEM). 
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Figure 3.7 The spectrum of insertion losses (IL) at location ℜ=(1,0,1) with parallel barriers having 

absorptive inner surfaces in front of a building façade. The impedance of the inner 
surface is modeled with the Delany and Bazley model with the flow resistivity equal to 
40,000 MKS rayls/m. The solid line represents predictions by the image source method 
(ISM) and the dashed line with dots represents numerical predictions based on the 
boundary element method (BEM). 
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Figure 3.8 The spectrum of insertion losses (IL) at location ℜ=(1,0,2) with parallel barriers having 

absorptive inner surfaces in front of a building façade. The impedance of the inner 
surface is modeled with the Delany and Bazley model with the flow resistivity equal to 
40,000 MKS rayls/m. The solid line represents predictions by the image source method 
(ISM) and the dashed line with dots represents numerical predictions based on the 
boundary element method (BEM). 
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Figure 3.9 The spectrum of insertion losses (IL) at location ℜ=(1,0,5) with parallel barriers having 

absorptive inner surfaces in front of a building façade. The impedance of the inner 
surface is modeled with the Delany and Bazley model with the flow resistivity equal to 
40,000 MKS rayls/m. The solid line represents predictions by the image source method 
(ISM) and the dashed line with dots represents numerical predictions based on the 
boundary element method (BEM). 
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Figure 3.10 The spectrum of insertion losses (IL) at location ℜ=(1,0,10) with parallel barriers having 

absorptive inner surfaces in front of a building façade. The impedance of the inner 
surface is modeled with the Delany and Bazley model with the flow resistivity equal to 
40,000 MKS rayls/m. The solid line represents predictions by the image source method 
(ISM) and the dashed line with dots represents numerical predictions based on the 
boundary element method (BEM). 
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Figure 3.11 The spectrum of improvement in insertion losses (IL) at locations ℜ=(1,0,1), ℜ=(1,0,2), 

ℜ=(1,0,5), and ℜ=(1,0,10) with parallel barriers having absorptive inner surfaces in front 
of a building façade over barriers with hard surfaces. The solid line represents predictions 
by the image source method (ISM) and the dashed line with dots represents numerical 
predictions based on the boundary element method (BEM). 
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Figure 3.12 The experimental measurement set-up. 
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Figure 3.13 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,0.1) with parallel barriers 

having hard inner surfaces in front of a building façade. The solid line represents 
predictions by the image source method (ISM), the dashed line represents numerical 
predictions based on the boundary element method (BEM) and the dashed line with dots 
represents results from experimental measurement. 
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Figure 3.14 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,0.5) with parallel barriers 

having hard inner surfaces in front of a building façade. The solid line represents 
predictions by the image source method (ISM), the dashed line represents numerical 
predictions based on the boundary element method (BEM) and the dashed line with dots 
represents results from experimental measurement. 
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Figure 3.15 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,1) with parallel barriers 

having hard inner surfaces in front of a building façade. The solid line represents 
predictions by the image source method (ISM), the dashed line represents numerical 
predictions based on the boundary element method (BEM) and the dashed line with dots 
represents results from experimental measurement. 
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Figure 3.16 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,1.5) with parallel barriers 

having hard inner surfaces in front of a building façade. The solid line represents 
predictions by the image source method (ISM), the dashed line represents numerical 
predictions based on the boundary element method (BEM) and the dashed line with dots 
represents results from experimental measurement. 
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Figure 3.17 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,0.1) with parallel barriers 

having absorptive inner surfaces in front of a building façade. The impedance of the inner 
surface is modeled with the Delany and Bazley model with the flow resistivity equal to 
72,351 MKS rayls/m. The solid line represents predictions by the image source method 
(ISM), the dashed line represents numerical predictions based on the boundary element 
method (BEM) and the dashed line with dots represents results from experimental 
measurement. 
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Figure 3.18 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,0.5) with parallel barriers 

having absorptive inner surfaces in front of a building façade. The impedance of the inner 
surface is modeled with the Delany and Bazley model with the flow resistivity equal to 
72,351 MKS rayls/m. The solid line represents predictions by the image source method 
(ISM), the dashed line represents numerical predictions based on the boundary element 
method (BEM) and the dashed line with dots represents results from experimental 
measurement. 
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Figure 3.19 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,1.0) with parallel barriers 

having absorptive inner surfaces in front of a building façade. The impedance of the inner 
surface is modeled with the Delany and Bazley model with the flow resistivity equal to 
72,351 MKS rayls/m. The solid line represents predictions by the image source method 
(ISM), the dashed line represents numerical predictions based on the boundary element 
method (BEM) and the dashed line with dots represents results from experimental 
measurement. 
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Figure 3.20 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,1.5) with parallel barriers 

having absorptive inner surfaces in front of a building façade. The impedance of the inner 
surface is modeled with the Delany and Bazley model with the flow resistivity equal to 
72,351 MKS rayls/m. The solid line represents predictions by the image source method 
(ISM), the dashed line represents numerical predictions based on the boundary element 
method (BEM) and the dashed line with dots represents results from experimental 
measurement. 
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Figure 3.21 The spectrum of improvement in insertion losses (IL) at locations ℜ=(0.123,0,0.1), 

ℜ=(0.123,0,0.5), ℜ=(0.123,0,1), and ℜ=(0.123,0,1.5) with parallel barriers having 
absorptive inner surfaces in front of a building façade over barriers with hard surfaces. 
The solid line represents predictions by the image source method (ISM), the dashed line 
represents numerical predictions based on the boundary element method (BEM) and the 
dashed line with dots represents results from experimental measurement. 
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Frequency / Hz Number of elements
per wavelength

< 500 100
501 - 800 40
801 - 1000 20

>1000 10  
Table 3.1 Elements size used for the implementation of the boundary element method. 
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Chapter 4 Parallel Barriers in a Street Canyon 

 

4.1 Introduction 

 

In the previous chapter, we have presented the image source model for the parallel 

barriers in front of a façade. The heuristic diffraction formulation for diffraction 

suggested by Koers [64] is found to be well applicable in conditions with multiple 

reflections. The sound pressure levels calculated from the image source method (ISM) 

are consistent with the boundary element method (BEM) and experimental results. In this 

chapter, we would like to extend the image source model to another commonly 

encountered condition in the urban environment. The situation put into consideration is 

commonly referred to as a street canyon. It consists of a pair of parallel barriers placed 

aside a road semi-enclosed by sky-rise buildings at the both sides. Study of the sound 

field in this spatial condition is processed with the ISM. Similar to the previous chapter, 

comparison with the BEM and experimental results are conducted and the acoustic 

performance improvement by absorptive material is analyzed. 

 

4.2 Theory 

 

In this study, another typical scenario of a high-rise city as shown in figure 4.1 is 

considered in which a pair of parallel barriers are placed inside a street canyon. The tall 

buildings are replaced by two flat façade surfaces F1Γ  and F2Γ  perpendicular to the 

ground for modeling. A rectangular co-ordinate system is chosen where the façade 

surface lies on the x = 0 plane and the ground surface lies on the z = 0 plane. The origin is 
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located on the ground surface at the bottom of the façade. We limit our consideration to 

the situation where the source denoted by S and receiver denoted by ℜ  are located at the 

same vertical plane at y = 0. By this simplification, the problem becomes purely two 

dimensional only and we have to assume that the pair of barriers and the building façades 

are infinitely long along the y-axis such that contributions from the vertical edges of the 

barriers and façades are ignored in our analysis. 

 

The coordinates of the source and receiver are given by ( )SS ,0, zx≡S  and ( )RR ,0, zx≡ℜ  

respectively where the subscripts S and R are used to represent the corresponding 

parameters for the source and receiver, respectively. The separation between the two 

façade surfaces F1Γ  and F2Γ  is L . The barrier B1 is located at a horizontal distance 1L  

from the façade surface F1Γ . The barrier B2 is located at a horizontal distance W from the 

barrier B1. The distance between the barrier B2 and the façade surface F2Γ  is 2L . The 

distance 1W  and 2W  are the horizontal distances measured from the source to the barriers 

B1 and B2 respectively. In addition, we only consider the case where both barriers have 

the same height, H. The top edges of the near-side and far-side barriers are denoted by 

( )HL  ,0 ,1≡Ε1  and ( )HWL  ,0 ,1 +≡Ε2  respectively.  

 

We consider the barrier surfaces facing the source as inner surfaces. The outer and inner 

surfaces of the barrier B1 are denoted as B11Γ  and B12Γ  respectively. The inner and outer 

surfaces of the barrier B2 are denoted as B21Γ  and B22Γ  respectively. The ground surface 

is divided into three regions. For the region between the surfaces F1Γ  and B11Γ , the 

ground surface is denoted as G1Γ . For the region between the surfaces B12Γ  and B21Γ , the 

ground surface is denoted as G2Γ . For the region between the surfaces B22Γ  and F2Γ , the 
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ground surface is denoted as G3Γ . Together with the façade surfaces F1Γ  and F2Γ , there 

are totally nine surfaces in our consideration. The specific impedance of these nine 

surfaces are denoted as  B11β , B12β , B21β , B22β , G1β , G2β , G3β , F1β  and F2β . The 

various notations of the admittance are also shown in figure 4.1. 

 

The principle of the image source model used in the current chapter is same as the 

previous one. In brief, the overall sound pressure level at a particular location is the 

coherent summation of pressure contributions from the image sources that can make 

contribution to that location. The three basic means of contributions are the direct 

transmission, reflection and diffraction. The calculations of these contributions are based 

on the formulations reported in Chapter 3. Due to the lengthy content, the details of the 

image source model are described in Appendix A. 

 

4.3 Validation with Boundary Element Method 

 

The extension of the image source model for the condition of parallel barriers along a 

street canyon provided an effective evaluation tool for the shielding performance. The 

validation of the model is achieved by comparison of its prediction results with the 

results from numerical techniques. Again, BEM is chosen due to its high suitability for 

external problems where domains are extended to infinity. The implementation in the 

calculation is similar to Chapter 3. 

 

A realistic outdoor configuration is used in our analysis. The separation of the two façade 

surfaces F1Γ  and F2Γ , L , is 20m. The distance between the façade surface F1Γ  and the 
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barrier B1, 1L , is 5m. The distance between the façade surface F2Γ  and the barrier B2, 2L , 

is 5m. The two barriers are of identical height of 2.5m. A noise source is located between 

the two barriers and at 0.25m above the ground. The distance between the source and 

barrier B1, 1W , is 2.5m. The distance between the source and barrier B2, 2W , is 7.5m. 

Cases with hard and absorptive barrier surfaces B12Γ  and B21Γ  have been considered. For 

the absorptive surfaces, the acoustic impedances are modeled with the Delany and Bazley 

model [34] with the flow resistivity equal to 40000 MKS rayls/m. The receivers 

considered are located 1m away from the façade surface F1Γ  and with heights of 1m, 2m, 

5m and 10m. The maximum orders of reflections are restricted to 100 for all 1n , 2n , 1q  

and 2q  in the image source model. Similarly, we choose at least 10 elements per 

wavelength in implementing the BEM to ensure a higher accuracy for the benchmarking 

results. Details on the size of elements are summarized in table 3.1. Based on the 

available computational resources, the height of the building façade is taken as 25m for 

eliminating the effect of diffraction at the top of the façade surfaces. 

 

As shown in figures 4.2 to 4.5, we compare the spectrums of insertion loss at four 

receiver positions calculated by the two methods. The first two locations ℜ=(1,0,1) and 

ℜ=(1,0,2) are in the shadow zone. The third location ℜ=(1,0,5) is near the direct line of 

sight. The last location ℜ=(1,0,10) is illuminated directly by the source. Similarly, we 

calculate the insertion loss at the same locations by both methods for cases with 

absorptive surfaces. The results are shown in figures 4.6 to 4.9 for the four positions 

respectively. The improvement on the insertion loss due to the absorptive material has 

been calculated also and the results are shown in figure 4.10. 
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Although the agreement between the predicted results from both methods is not as good 

as that observed in the previous chapter, the ISM would still provide satisfactory 

prediction results. In general, the ISM can determine the locations of peaks and troughs 

in the frequency domain as predicted by the BEM. 

 

4.4 Validation with Experimental Measurement 

 

Similar to Chapter 3, we have conducted the scale model measurements for the purpose 

of experimental validation. The measurement consists of a scaled-down configuration as 

shown in figure 4.11. The façade and ground surfaces are made of 8.5mm thick wooden 

board. The height of both façade surfaces is 2.44m which is high enough to ignore the 

diffraction at the top edge. The barriers consist of 3mm thick aluminum plate with height 

of 0.5m and length of 4.5m. They are placed 0.75m and 1.5m in front of the first façade 

surface respectively. The source is located 1.25m in front of the façade surface and at a 

height of 0.125m. The receiver is placed 0.123m in front of the first façade surface with 

various heights. For modeling the absorptive surface, we attach the same 25mm thick 

glass fiber with density of 48 3/ mkg  used in the in-situ impedance determination. 

 

The whole measurement is conducted inside an anechoic chamber of dimensions 

6m6m6m ×× . The insertion loss used for comparison is obtained by measuring the 

transfer function with and without the barriers. The MLS system and equipment used are 

the same as before. As mentioned previously, special attention has been put on the 

orientation of the speaker and microphone for the modeling of the spherical wave. 
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Comparison of the insertion loss spectrum for the parallel barriers with hard surfaces at 

locations (0.123,0,0.1), (0.123,0,0.5), (0.123,0,1) and (0.123,0,1.5) are shown in figures 

4.12 to 4.15 respectively. For the parallel barriers with absorptive surfaces, the 

comparison of the insertion loss is shown in figures 4.16 to 4.19. In the theoretical 

calculation, the absorptive surface is modeled with the Delany and Bazley model [34] 

with the flow resistivity equal to 72,351 MKS rayls/m. This value is deduced from the 

method discussed in Chapter 2. In addition, we have illustrated the measured and 

calculated improvement on the insertion loss due to the absorptive material in figure 4.20. 

 

In general, the theoretical predictions agree satisfactorily with the results of the 

experiment. Apart from the inaccuracy involved in using Hadden and Pierce’s [42] 

formulation on diffraction in this small scale, the large number of summation involved 

also enlarge the error. Notwithstanding the larger discrepancy observed compared with 

the simpler case in the previous chapter, the image source model can predict the sound 

field in this much more complicated street canyon condition with reasonable accuracy. 

 

4.5 Conclusion 

 

In this chapter, the development of a computation model for the shielding performance 

evaluation of parallel barriers placed along a street canyon is reported. The model 

developed is an extension of the one presented in the previous chapter. It is also based on 

the ISM and various classical theories from geometrical acoustic. Again, the effect of 

acoustic absorptive surfaces is included. This gives the possibility for the analysis of 

absorptive barriers and road pavement. Due to the additional façade surface, the multiple 

reflections of sound among the surfaces are much more complicated. The consideration 
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of combinations involved is almost double than that of the previous chapter. Nevertheless, 

we can still maintain a realistic computational requirement with the effective algorithm 

developed for searching the possible source images. Because the higher number of 

summations enlarges the error intrinsically in the heuristic diffraction solution, there will 

be more inaccuracy involved. For the validation, it is found that the predictions are still 

reasonably well consistent with the calculated results by the BEM and experimental 

measurement over a wide range of frequencies. In conclusion, the image source model 

developed is also another valuable tool for the evaluation in the design stage and makes 

for a great contribution in urban planning due to its fairly accurate prediction capability 

and high computational efficiency. 
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Figure 4.1 Schematic diagram of the specified problem. A source S is located at Io≡(xS, 0, zS) and a 

receiver ℜ at (xR, 0, zR). A pair of parallel barriers, B1 and B2, of height H are placed 
inside a street canyon formed by two façade surfaces ΓF1 and ΓF2 of infinite height. 
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Figure 4.2 The spectrum of insertion losses (IL) at location ℜ=(1,0,1) with parallel barriers having 

hard inner surfaces in a street canyon. The solid line represents predictions by the image 
source method (ISM) and the dashed line with dots represents numerical predictions 
based on the boundary element method (BEM). 
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Figure 4.3 The spectrum of insertion losses (IL) at location ℜ=(1,0,2) with parallel barriers having 

hard inner surfaces in a street canyon. The solid line represents predictions by the image 
source method (ISM) and the dashed line with dots represents numerical predictions 
based on the boundary element method (BEM). 
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Figure 4.4 The spectrum of insertion losses (IL) at location ℜ=(1,0,5) with parallel barriers having 

hard inner surfaces in a street canyon. The solid line represents predictions by the image 
source method (ISM) and the dashed line with dots represents numerical predictions 
based on the boundary element method (BEM). 
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Figure 4.5 The spectrum of insertion losses (IL) at location ℜ=(1,0,10) with parallel barriers having 

hard inner surfaces in a street canyon. The solid line represents predictions by the image 
source method (ISM) and the dashed line with dots represents numerical predictions 
based on the boundary element method (BEM). 
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Figure 4.6 The spectrum of insertion losses (IL) at location ℜ=(1,0,1) with parallel barriers having 

absorptive inner surfaces in a street canyon. The impedance of the inner surface is 
modeled with the Delany and Bazley model with the flow resistivity equal to 40,000 
MKS rayls/m. The solid line represents predictions by the image source method (ISM) 
and the dashed line with dots represents numerical predictions based on the boundary 
element method (BEM). 
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Figure 4.7 The spectrum of insertion losses (IL) at location ℜ=(1,0,2) with parallel barriers having 

absorptive inner surfaces in a street canyon. The impedance of the inner surface is 
modeled with the Delany and Bazley model with the flow resistivity equal to 40,000 
MKS rayls/m. The solid line represents predictions by the image source method (ISM) 
and the dashed line with dots represents numerical predictions based on the boundary 
element method (BEM). 
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Figure 4.8 The spectrum of insertion losses (IL) at location ℜ=(1,0,5) with parallel barriers having 

absorptive inner surfaces in a street canyon. The impedance of the inner surface is 
modeled with the Delany and Bazley model with the flow resistivity equal to 40,000 
MKS rayls/m. The solid line represents predictions by the image source method (ISM) 
and the dashed line with dots represents numerical predictions based on the boundary 
element method (BEM). 
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Figure 4.9 The spectrum of insertion losses (IL) at location ℜ=(1,0,10) with parallel barriers having 

absorptive inner surfaces in a street canyon. The impedance of the inner surface is 
modeled with the Delany and Bazley model with the flow resistivity equal to 40,000 
MKS rayls/m. The solid line represents predictions by the image source method (ISM) 
and the dashed line with dots represents numerical predictions based on the boundary 
element method (BEM). 
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Figure 4.10 The spectrum of improvement in insertion losses (IL) at location ℜ=(1,0,1), ℜ=(1,0,2), 

ℜ=(1,0,5), and ℜ=(1,0,10) with parallel barriers having absorptive inner surfaces in a 
street canyon over barriers with hard surfaces. The solid line represents predictions by 
the image source method (ISM) and the dashed line with dots represents numerical 
predictions based on the boundary element method (BEM). 
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Figure 4.11 The experimental measurement set-up. 
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Figure 4.12 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,0.1) with parallel barriers 

having hard inner surfaces in a street canyon. The solid line represents predictions by the 
image source method (ISM), the dashed line represents numerical predictions based on 
the boundary element method (BEM) and the dashed line with dots represents results 
from experimental measurement. 
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Figure 4.13 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,0.5) with parallel barriers 

having hard inner surfaces in a street canyon. The solid line represents predictions by the 
image source method (ISM), the dashed line represents numerical predictions based on 
the boundary element method (BEM) and the dashed line with dots represents results 
from experimental measurement. 
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Figure 4.14 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,1) with parallel barriers 

having hard inner surfaces in a street canyon. The solid line represents predictions by the 
image source method (ISM), the dashed line represents numerical predictions based on 
the boundary element method (BEM) and the dashed line with dots represents results 
from experimental measurement. 
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Figure 4.15 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,1.5) with parallel barriers 

having hard inner surfaces in a street canyon. The solid line represents predictions by the 
image source method (ISM), the dashed line represents numerical predictions based on 
the boundary element method (BEM) and the dashed line with dots represents results 
from experimental measurement. 
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Figure 4.16 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,0.1) with parallel barriers 

having absorptive inner surfaces in a street canyon. The impedance of the inner surface is 
modeled with the Delany and Bazley model with the flow resistivity equal to 72,351 
MKS rayls/m. The solid line represents predictions by the image source method (ISM), 
the dashed line represents numerical predictions based on the boundary element method 
(BEM) and the dashed line with dots represents results from experimental measurement. 
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Figure 4.17 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,0.5) with parallel barriers 

having absorptive inner surfaces in a street canyon. The impedance of the inner surface is 
modeled with the Delany and Bazley model with the flow resistivity equal to 72,351 
MKS rayls/m. The solid line represents predictions by the image source method (ISM), 
the dashed line represents numerical predictions based on the boundary element method 
(BEM) and the dashed line with dots represents results from experimental measurement. 
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Figure 4.18 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,1.0) with parallel barriers 

having absorptive inner surfaces in a street canyon. The impedance of the inner surface is 
modeled with the Delany and Bazley model with the flow resistivity equal to 72,351 
MKS rayls/m. The solid line represents predictions by the image source method (ISM), 
the dashed line represents numerical predictions based on the boundary element method 
(BEM) and the dashed line with dots represents results from experimental measurement. 
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Figure 4.19 The spectrum of insertion losses (IL) at location ℜ=(0.123,0,1.5) with parallel barriers 

having absorptive inner surfaces in a street canyon. The impedance of the inner surface is 
modeled with the Delany and Bazley model with the flow resistivity equal to 72,351 
MKS rayls/m. The solid line represents predictions by the image source method (ISM), 
the dashed line represents numerical predictions based on the boundary element method 
(BEM) and the dashed line with dots represents results from experimental measurement. 
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Figure 4.20 The spectrum of improvement in insertion losses (IL) at location ℜ=(0.123,0,0.1), 

ℜ=(0.123,0,0.5), ℜ=(0.123,0,1), and ℜ=(0.123,0,1.5) with parallel barriers having 
absorptive inner surfaces in a street canyon over barriers with hard surfaces. The solid 
line represents predictions by the image source method (ISM), the dashed line represents 
numerical predictions based on the boundary element method (BEM) and the dashed line 
with dots represents results from experimental measurement. 
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Chapter 5 Conclusions and Recommendations 

 

5.1 Conclusions 

 

The research reported in this thesis focuses on the acoustical performance evaluation of 

roadside barriers located in an urban environment. It aims to develop an accurate 

computational model for the predictions of the screening performance of roadside 

barriers. This can provide a quantitative justification of the construction of roadside 

barriers at the planning stage. 

 

Extensive reviews on various development and research work are given in Chapter 1. The 

topics include outdoor sound propagation, in-situ determination of impedance, diffraction 

of sound wave, shielding performance of single and parallel barriers, and performance of 

barriers in urban environments. It is found that there are very limited studies 

incorporating the shielding performance of barriers in the context of a complex 

environment where the barriers are situated. 

 

One of the fundamental necessities involved in the study is an accurate description of the 

acoustic impedances of the surfaces. In Chapter 2, an in-situ measurement methodology 

for acoustic impedance is developed for overcoming the shortcoming of the standardized 

measurement methods and traditional modelling techniques. The measurement method is 

based on the classical spherical wave propagation theory and numerical minimization 

techniques. With the improved measurement technique and minimization algorithm, the 
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in-situ method developed is proved to be robust and successful. It also provides an 

important basis for further study of noise barriers. 

 

A common scenario for the noise mitigation of roadside barriers in urban environments is 

a road aligned parallel to a building façade. A prediction model of the sound field on this 

configuration is developed in Chapter 3. The computational model is based on the image 

source method and the flexibility of adopting acoustic absorptive surfaces is included in 

the model. Compared with those commercially available software based on the ray-

tracing method, our model does not contain error due to the discrete sampling of rays. As 

all possible image sources can be determined in our model, the risk of getting non-

convergent results is also minimized. The hierarchy of the image sources summarised 

provides an effective means in determination of all image sources. This gives our model 

a high and practical computational efficiency which is not attainable by the BEM. The 

image source model is validated by comparison with the BEM and experimental results. 

The comparison shows good agreement between the results and the accuracy of the 

image source model is proved. 

 

Another typical metropolitan environment is that buildings are fully occupied along both 

sides of a roadway. This constitutes a street canyon in which noise is being trapped in 

between the buildings. Due to the effect of multiple interferences, the noise shielding 

performance of the parallel barriers in these situations are more complex and uncertain. 

In Chapter 4, the image source model is further extended for this scenario. From results 

of the validation, the predicted results of the image source model are found to be fairly 

reliable. The additional inaccuracy is mainly due to the accumulation of errors involved 

in the heuristic diffraction formulation during the huge numbers of summations 
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conducted. Nevertheless, the accuracy is still acceptable and the prediction model serves 

well for its purpose. 

 

5.2 Recommendations 

 

The effort put into this study do not limit to the shielding performance of roadside 

barriers. Our study forms a valuable foundation and exploration in the acoustic modeling 

techniques in a complex environment. Based on the experience attained through this 

investigation, the following topics are recommended for future study. 

 

The overall accuracy of the image source model is strongly dependent on the accuracy of 

the calculation in every fundamental contribution. The heuristic diffraction formulation 

adopted in our study is only a high frequency approximation. When the model is applied 

to relatively small scale systems, the error might become significant. Furthermore, the 

analytic solution to the effect of finite impedance in diffraction is not yet available. A 

more precise understanding on this area would be very helpful. 

 

In the current study, the quantity of insertion loss is in terms of a single frequency. It 

would be more useful if the insertion loss is expressed in terms of a frequency band. Due 

to the oscillating nature of the sound spectrum, it is possible that the interference effect of 

a particular frequency may dominate the whole frequency band. Meanwhile, it is also 

possible that the interference effect of a particular frequency is missed due to the 

frequency resolution in the whole spectrum. Therefore, it is worthwhile to investigate a 

proper representation of the insertion loss in frequency bands and a suitable selection of 

frequency resolution during the band conversion. This investigation also makes the 
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possibility to represent the shielding performance using a more meaningful A-weighted 

sound pressure level. 

 

The sound sources that we adopted in our study are assumed to be spherical point sources 

or cylindrical line sources. In a real situation, however, there would be various directivity 

patterns on the sources. The difference in source strength among different angle would 

influence the theoretical evaluation of the acoustical performance of barriers. Further 

study can be processed for adopting the directivity effect on the image source model. 
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Appendix Image Source Modeling for 

Parallel Barriers 

 

A.1 Introduction 

 

In this section, the details of the image source models discussed in Chapter 3 and Chapter 

4 are presented. The models are used for the evaluation of the shielding performance of 

parallel barriers located in two conditions. For the case of Chapter 3, the parallel barriers 

are in front of a building façade. For the case of Chapter 4, the parallel barriers are along 

a street canyon. The case for Chapter 3 can be considered as a simplified version of the 

case for Chapter 4. The image source models would provide the insertion loss of the 

barriers for particular positions of source and receiver and hence give an indication of the 

shielding performance of the barriers. 

 

For the principle of the image source method, the total sound pressure at a particular 

location is the coherence summation of all contributions from the image sources that can 

contribute to that location. The main tasks involved are the identification of all the 

possible image sources and the calculation on the corresponding contribution of the 

image sources. We identify the possibility of contribution of an image source by 

determining whether a valid transmission path can be established between the source and 

the receiver. The possible paths may be through direct transmissions, reflections, and 

diffractions. They can be any combinations of reflections and diffractions with different 

orders. To reduce the complexity in the determination of all possible paths, we only 
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consider diffraction with one order. Any further diffraction would be ignored. This 

assumption is justifiable because the sound pressure level of the diffracted sound field is 

generally much less than that of the direct and reflected fields. 

 

With the simplification of ignoring diffraction with order higher than one, the pressure 

contributions are categorized into two groups. The contributions without diffraction 

involved are considered as primary. Meanwhile, the contributions with diffraction 

involved are categorized as secondary. Inside these two main groups, the image sources 

are further classified into sub-groups based on the sequences of diffractions and 

reflections. Due to the additional façade surface, there would be more combinations 

contained in the case of the parallel barriers along a street canyon. The coordinates of the 

image sources are obtained by geometric relation on the reflections and diffraction. The 

zone of contribution would be obtained by visibility check. The pressure contributions of 

those image sources with successful illumination are calculated with the base of the 

fundamental formulations presented in Chapter 3. In the coming section, all the image 

source groups of the case for the parallel barriers along a street canyon would be 

discussed. 

 

A.2 Primary Contribution 

 

For image sources belonging to a primary contribution, they are observed by the receiver 

in a straight line of sight. The primary image sources are categorized into 14 groups. 

 

Group 1 is the image source with contribution through direct transmission. The image 

source is actually at the original location of the source and is denoted by, 



Image Source Modeling for Parallel Barriers 

 
Appendix 128 

( )SS0 ,0, zx=≡ SI .         (A.1) 

The pressure contribution of 0I  is calculated by, 

( )ℜ|0101 IdirectPP = .         (A.2) 

The illuminated zone of 0I  is illustrated in figure A.1. The lines connecting 0I  and the 

illuminated receivers should have no intersection with the line from ( )0 ,0 ,1L  to 

( )HL  ,0 ,1  and the line from ( )0 ,0 ,1 WL +  to ( )HWL  ,0 ,1 + . 

 

Group 2 is the image source with one time ground reflection. The image source is 

denoted as, 

( )SS0 ,0, zx −=I .         (A.3) 

The underline in the subscript indicates ground reflection. The pressure contribution of 

0I  is calculated by, 

( ) ( )ℜℜ || 00102102 II directPVP ⋅= ,       (A.4) 

where the reflection factor ( )ℜ|102 ΙV  accounts for the ground reflection as follows, 

( ) ( )G2102 ,,| βℜℜ ΙΙ QV = .        (A.5) 

The illuminated Zone of 0I  is illustrated in figure A.2. The lines connecting 0I  and the 

illuminated receivers should have no intersection with the line from ( )HL − ,0 ,1  to 

( )HL  ,0 ,1  and the line from ( )HWL −+  ,0 ,1  to ( )HWL  ,0 ,1 + . 

 

Group 3 comprises of the image sources formed by multiple reflections between the two 

parallel barriers and lastly reflected by the surface B12Γ . They are denoted as, 

( )S
)(

B1-S
)(

B1 ,0,11 zx nn ≡I ,         (A.6) 
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where L,3,2,11 =n . The subscript B1indicates that they are located behind the barrier 

B1 and the superscript 1n  in bracket denotes the total number, or sometimes known as 

the order, of reflections from the barrier surfaces. For odd order image sources )12(
B1

1 +mI , 

where K,2,1,01 =m , they are reflected 11+m  times by the barrier surface B12Γ and 1m  times 

by the barrier surface B21Γ . For even order image sources )2(
B1

1mI , where K,3,2,11 =m , they 

are reflected 1m  times by both barrier surfaces B12Γ  and B21Γ . It is straightforward to 

determine The x-coordinate )(
B1-S
1nx  of the image source is calculated as, 

( )
( )⎩

⎨
⎧

=−⋅−−
=−⋅−−

=
K

K

,6,4,2for           1
,5,3,1for           1

1121

1111)(
B1-S
1

nnWWL
nnWWL

x n      (A.7) 

The contribution of )(
B1

1nI  is calculated by, 

( ) ( )ℜℜ || )(
B1

)(
B1

)(
103

)(
103

1111 n
direct

nnn PVP II ⋅= .       (A.8) 

The factor ( )ℜ|)(
103

1 InV , which accounts for the effects of the multiple reflections between 

the surfaces B12Γ  and B21Γ , is given by, 

( )
( )[ ] ( )[ ]

( ) ( )[ ]⎪
⎩

⎪
⎨

⎧

=⋅

+=⋅
=

+

111B22B1

111B2
1
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)(

103

2for           ,,,,
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1

1

1

mnQQ

mnQQ
V

m

mm

n

ββ

ββ

ℜℜ

ℜℜ
ℜ

II

II
I .   (A.9) 

The illuminated zone of )(
B1

1nI  is illustrated in figure A.3. The lines connecting )(
B1

1nI  and 

the illuminated receivers should have an intersection with the line from ( )0 ,0 ,1L  to 

( )HL  ,0 ,1  and have no intersection with the line from ( )0 ,0 ,1 WL +  to ( )HWL  ,0 ,1 + . 

 

Group 4 contains the ground reflected image sources formed by multiple reflections 

between the surfaces B12Γ  and B21Γ  and lastly reflected by the surface B12Γ . They are 
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similar to the image sources in group 3 but involve one more reflection with the ground 

surface G2Γ . They are denoted as, 

( )S
)(

B1-S
)(

B1 ,0,11 zx nn −≡I ,         (A.10) 

where L,3,2,11 =n . The subscript B1 indicates that they are located behind the barrier 

B1 and the underline in the subscript indicates the ground reflection. The superscript 1n  

in bracket denotes the total number of reflections from the barrier surfaces. For odd order 

image sources )12(
B1

1 +mI , where K,2,1,01 =m , they are reflected once by the ground surface 

G2Γ , 11+m  times by the barrier surface B12Γ  and 1m  times by the barrier surface B21Γ . For 

even order image sources )2(
B1

1mI , where K,3,2,11 =m , they are reflected once by the 

ground surface G2Γ  and 1m  times by both barrier surfaces B12Γ  and B21Γ . The x-

coordinate of the image source )(
B1-S
1nx  is calculated by equation A.7. The contribution of 

)(
B1

1nI  is calculated by, 

( ) ( )ℜℜ || )(
B1

)(
B1

)(
104

)(
104

1111 n
direct

nnn PVP II ⋅= .       (A.11) 

The factor ( )ℜ|)(
104

1 InV , which accounts for the effects of the multiple reflections between 

the surfaces G2Γ , B12Γ  and B21Γ , is given by, 

( )
( ) ( )[ ] ( )[ ]

( ) ( ) ( )[ ]⎪
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The illuminated zone of )(
B1

1nI  is illustrated in figure A.4. The lines connecting )(
B1

1nI  and 

the illuminated receivers should have no intersection with the line from ( )HL − ,0 ,1  to 

( )HL  ,0 ,1  and have an intersection with the line from ( )HWL −+  ,0 ,1  to ( )HWL  ,0 ,1 + . 
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Group 5 consists of image sources formed by multiple reflections between the surfaces 

B12Γ  and B21Γ  and lastly reflected by the surface B21Γ . They are denoted as, 

( )S
)(

B2-S
)(

B2 ,0,11 zx nn ≡I ,         (A.13) 

where L,3,2,11 =n . The subscript B2  indicates that they are located behind the barrier 

B2  and the superscript 1n  in bracket denotes the total number of reflections from the 

barrier surfaces. For odd order image sources )12(
B2

1 +mI , where K,2,1,01 =m , they are 

reflected 1m  times by the barrier surface B12Γ  and 11+m  times by the barrier surface B21Γ . 

For even order image sources )2(
B2

1mI , where K,3,2,11 =m , they are reflected 1m  times by 

both barrier surfaces B12Γ  and B21Γ . The x-coordinate )(
B2-S
1nx  of the image source is 

calculated by, 
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The pressure contribution of )(
B2

1nI  is calculated by, 

( ) ( )ℜℜ || )(
B2

)(
B2

)(
105

)(
105

1111 n
direct

nnn PVP II ⋅= .       (A.15) 

The factor ( )ℜ|)(
105

1 InV , which accounts for the effects of the multiple reflections between 

the surfaces B12Γ  and B21Γ , is given by, 
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The illuminated zone of )(
B2

1nI  is illustrated in figure A.5. The lines connecting )(
B2

1nI  and 

the illuminated receivers should have no intersection with the line from ( )0 ,0 ,1L  to 

( )HL  ,0 ,1  and have an intersection with the line from ( )0 ,0 ,1 WL +  to ( )HWL  ,0 ,1 + . 
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Group 6 contains the ground reflected image sources formed by multiple reflections 

between the surfaces B12Γ  and B21Γ  and lastly reflected by the surface B21Γ . They are 

denoted as, 

( )S
)(

B2-S
)(

B2 ,0,11 zx nn −≡I ,         (A.17) 

where L,3,2,11 =n . The subscript B2  indicates that they are located behind the barrier 

B2  and the underline in the subscript indicates the ground reflection. The superscript 1n  

in bracket denotes the total number of reflections from the barrier surfaces. For odd order 

image sources )12(
B2

1 +mI , where K,2,1,01 =m , they are reflected once by the ground surface 

G2Γ , 1m  times by the barrier surface B12Γ  and 11+m  times by the barrier surface B21Γ . For 

even order image sources )2(
B2

1mI , where K,3,2,11 =m , they are reflected once by the 

ground surface G2Γ  and 1m  times by both barrier surfaces B12Γ  and B21Γ . The x-

coordinate )(
B2-S
1nx  of the image source is calculated by equation A.14. The pressure 

contribution of )(
B2

1nI  is calculated by, 

( ) ( )ℜℜ || )(
B2

)(
B2

)(
106

)(
106

1111 n
direct

nnn PVP II ⋅= .       (A.18) 

The factor ( )ℜ|)(
106

1 InV , which accounts for the effects of the multiple reflections between 

the surfaces B12Γ  and B21Γ , is given by, 
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The illuminated zone of )(
B2

1nI  is illustrated in figure A.6. The lines connecting )(
B2

1nI  and 

the illuminated receivers should have no intersection with the line from ( )HL − ,0 ,1  to 

( )HL  ,0 ,1  and have an intersection with the line from ( )HWL −+  ,0 ,1  to ( )HWL  ,0 ,1 + . 
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Group 7 comprises of the image sources formed by multiple reflections between the two 

façade surfaces F1Γ  and F2Γ  and lastly reflected by the surface F1Γ . They are denoted as, 

( )S
)(

F1-S
)(

F1 ,0,22 zx nn ≡I ,         (A.20) 

where L,3,2,12 =n . The subscript F1 indicates that they are located behind the façade 

surface F1Γ  and the superscript 2n  in bracket denotes the total number of reflections from 

the façade surfaces F1Γ  and F2Γ . For odd order image sources )12(
F1

2 +mI , where K,2,1,02 =m , 

they are reflected 12 +m  times by the façade surface F1Γ  and 2m  times by the façade 

surface F2Γ . For even order image sources )2(
F1

2mI , where K,3,2,12 =m , they are reflected 

2m  times by both the façade surfaces F1Γ  and F2Γ .The x-coordinate )(
F1-S
2nx  of the image 

source is determined by, 

( )
( )⎩

⎨
⎧

=−⋅−−−
=−⋅−−−

=
K

K

,6,4,2for        1 
,5,3,1for         1 
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2211)(
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2

nnLWL
nnLWL

x n      (A.21) 

The contribution of )(
F1

2nI  is calculated by, 

( ) ( )ℜℜ || )(
F1

)(
F1

)(
107

)(
107

2222 n
direct

nnn PVP II ⋅= .       (A.22) 

The factor ( )ℜ|)(
107

2 InV , which accounts for the effects of the multiple reflections between 

the surfaces F1Γ  and F2Γ , is given by, 
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The illuminated zone of )(
F1

2nI  is illustrated in figure A.7. For image sources )(
F1

2nI  with odd 

2n , the lines connecting )(
F1

2nI  and the illuminated receivers should have no intersection 

with the line from ( )( )0 ,0 ,2
F2-F1-E1

nx  to ( )( )Hx n  ,0 ,2
F2-F1-E1 . The x-coordinate ( )2

F2-F1-E1
nx  is given by, 

( )
( )⎩

⎨
⎧

=⋅+
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=
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K

 6, 4, 2, for               
 5, 3, 1,  for       1
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For image sources )(
F1

2nI  with even 2n , the lines connecting )(
F1

2nI  and the illuminated 

receivers should have no intersection with the line from ( )( )0 ,0 ,2
F1-F2-E2

nx  to ( )( )Hx n  ,0 ,2
F1-F2-E2 . 

The x-coordinate ( )2
F1-F2-E2

nx  is given by, 

( )
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⎨
⎧

=−⋅−−
=⋅+

=
L

K

 6, 4, 2, for       1
 5, 3, 1,  for               

222

222)(
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2

nnLL
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x n .     (A.25) 

 

Group 8 contains the ground reflected image sources formed by multiple reflections 

between the two façade surfaces F1Γ  and F2Γ  and lastly reflected by the surface F1Γ . 

They are denoted as, 

( )S
)(

F1-S
)(

F1 ,0,22 zx nn −≡Ι ,         (A.26) 

where L,3,2,12 =n . The subscript F1 indicates that they are located behind the façade 

surface F1Γ  and the underline in the subscript indicates the ground reflection. The 

superscript 2n  in bracket denotes the total number of reflections from the façade surfaces 

F1Γ  and F2Γ . For odd order image sources )12(
F1

2 +mI , where K,2,1,02 =m , they are reflected 

once by the ground surface G2Γ , 12 +m  times by the façade surface F1Γ  and 2m  times by 

the façade surface F2Γ . For even order image sources )2(
F1

2mI , where K,3,2,12 =m , they are 

reflected once by the ground surface G2Γ  and 2m  times by both the façade surfaces F1Γ  

and F2Γ .The x-coordinate )(
F1-S
2nx  of the image source is determined by equation A.21. The 

contribution of )(
F1

2nI  is calculated by, 

( ) ( )ℜℜ || )(
F1

)(
F1

)(
108

)(
108

2222 n
direct

nnn PVP II ⋅= .       (A.27) 

The factor ( )ℜ|)(
108

2 InV , which accounts for the effects of the multiple reflections between 

the surfaces G2Γ , F1Γ  and F2Γ , is given by, 
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The illuminated zone of )(
F1

2nI  is illustrated in figure A.8. For image sources )(
F1

2nI  with odd 

order 2n , the lines connecting )(
F1

2nI  and the illuminated receivers should have no 

intersection with the line from ( )( )Hx n − ,0 ,2
F2-F1-E1  to ( )( )Hx n  ,0 ,2

F2-F1-E1 . The x-coordinate 

( )2
F2-F1-E1

nx  is given by equation A.24. For image sources )(
F1

2nI  with even order 2n , the lines 

connecting )(
F1

2nI  and the illuminated receivers should have no intersection with the line 

from ( )( )Hx n − ,0 ,2
F1-F2-E2  to ( )( )Hx n  ,0 ,2

F1-F2-E2 . The x-coordinate ( )2
F1-F2-E2

nx  is given by equation 

A.25. 

 

Group 9 comprises of the image sources formed by multiple reflections between the two 

façade surfaces F1Γ  and F2Γ  and lastly reflected by the surface F2Γ . They are denoted as, 

( )S
)(

F2-S
)(

F2 ,0,22 zx nn ≡I ,         (A.29) 

where L,3,2,12 =n . The subscript F2  indicates that they are located behind the façade 

surface F2Γ  and the superscript 2n  in bracket denotes the total number of reflections from 

the façade surfaces F1Γ  and F2Γ . For odd order image sources )12(
F2

2 +mI , where K,2,1,02 =m , 

they are reflected 2m  times by the façade surface F1Γ  and 12 +m  times by the façade 

surface F2Γ . For even order image sources )2(
F2

2mI , where K,3,2,12 =m , they are reflected 

2m  times by both the façade surfaces F1Γ  and F2Γ .The x-coordinate )(
F2-S
2nx  of the image 

source is determined by, 
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⎨
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The contribution of )(
F2

2nI  is calculated by, 

( ) ( )ℜℜ || )(
F2

)(
F2

)(
109

)(
109

2222 n
direct

nnn PVP II ⋅= .       (A.31) 

The factor ( )ℜ|)(
109

2 InV , which accounts for the effects of the multiple reflections between 

the surfaces F1Γ  and F2Γ , is given by, 
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The illuminated zone of )(
F2

2nI  is illustrated in figure A.9. For image sources )(
F2

2nI  with odd 

order 2n , the lines connecting )(
F2

2nI  and the illuminated receivers should have no 

intersection with the line from ( )( )0 ,0 ,2
F1-F2-E2

nx  to ( )( )Hx n  ,0 ,2
F1-F2-E2 . The x-coordinate ( )2

F1-F2-E2
nx  

is given by equation A.25. For image sources )(
F2

2nI  with even order 2n , the lines 

connecting )(
F2

2nI  and the illuminated receivers should have no intersection with the line 

from ( )( )0 ,0 ,2
F2-F1-E1

nx  to ( )( )Hx n  ,0 ,2
F2-F1-E1 . The x-coordinate ( )2

F2-F1-E1
nx  is given by equation 

A.24. 

 

Group 10 contains the ground reflected image sources formed by multiple reflections 

between the two façade surfaces F1Γ  and F2Γ  and lastly reflected by the surface F2Γ . 

They are denoted as, 

( )S
)(

F2-S
)(

F2 ,0,22 zx nn −≡Ι ,         (A.33) 

where L,3,2,12 =n . The subscript F2  indicates that they are located behind the façade 

surface F2Γ  and the underline in the subscript indicates the ground reflection. The 

superscript 2n  in bracket denotes the total number of reflections from the façade surfaces 

F1Γ  and F2Γ . For odd order image sources )12(
F2

2 +mI , where K,2,1,02 =m , they are reflected 
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once by the ground surface G2Γ , 2m   times by the façade surface F1Γ  and 12 +m  times by 

the façade surface F2Γ . For even order image sources )2(
F2

2mI , where K,3,2,12 =m , they are 

reflected once by the ground surface G2Γ  and 2m  times by both the façade surfaces F1Γ  

and F2Γ .The x-coordinate )(
F2-S
2nx  of the image source is determined by equation A.30. The 

contribution of )(
F2

1nI  is calculated by, 

( ) ( )ℜℜ || )(
F2

)(
F2

)(
110

)(
110

2222 n
direct

nnn PVP II ⋅= .       (A.34) 

The factor ( )ℜ|)(
110

2 InV , which accounts for the effects of the multiple reflections between 

the surfaces G2Γ , F1Γ  and F2Γ , is given by, 
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The illuminated zone of )(
F2

1nI  is illustrated in figure A.10. For image sources )(
F2

1nI  with 

odd order 2n , the lines connecting )(
F2

1nI  and the illuminated receivers should have no 

intersection with the line from ( )( )Hx n − ,0 ,2
F1-F2-E2  to ( )( )Hx n  ,0 ,2

F1-F2-E2 . The x-coordinate 

( )2
F1-F2-E2

nx  is given by equation A.25. For image sources )(
F2

1nI  with even order 2n , the lines 

connecting )(
F2

1nI  and the illuminated receivers should have no intersection with the line 

from ( )( )Hx n − ,0 ,2
F2-F1-E1  to ( )( )Hx n  ,0 ,2

F2-F1-E1 . The x-coordinate ( )2
F2-F1-E1

nx  is given by equation 

A.24. 

 

Group 11 consists of image sources formed by multiple reflections between the surfaces 

F1Γ  and F2Γ  of the image sources )(
B1

1nI . They are denoted as, 

( )S
),(

F1-F2-B1-S
),(
F1-F2-B1 ,0,2121 zx nnnn ≡I ,        (A.36) 
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where L,3,2,11 =n  and L,3,2,12 =n . The subscript F1-F2-B1  indicates the 

multiple reflections involved. After the last reflection by B12Γ  among the 1n times 

multiple reflections between B12Γ  and B21Γ , there would be 2n  times multiple reflections 

between surfaces F1Γ  and F2Γ . For odd 2n , the image sources )12,(
F1-F2-B1
21 +mnI , where 

K,2,1,02 =m , are reflected 2m  times by the surface F1Γ  and 12 +m  times by the surface F2Γ . 

For even 2n , the image sources )2,(
F1-F2-B1
21 mnI , where K,3,2,12 =m , they are reflected 2m  times 

by both surfaces F1Γ  and F2Γ . The x-coordinate ),(
F1-F2-B1-S

21 nnx  of the image source is 

calculated by, 
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,5,3,1for      1
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The pressure contribution of ),(
F1-F2-B1

21 nnI  is calculated by, 

( ) ( )ℜℜ || ),(
F1-F2-B1

),(
F1-F2-B1

),(
111

),(
111

21212121 nn
direct

nnnnnn PVP II ⋅= .     (A.38) 

The factor ( )ℜ|),(
111

21 InnV , which accounts for the effects of the multiple reflections 

between the surfaces B12Γ , B21Γ , F1Γ  and F2Γ  is given by, 
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The illuminated zone of ),(
F1-F2-B1

21 nnI  is illustrated in figure A.11. The lines connecting 

),(
F1-F2-B1

21 nnI  and the illuminated receivers should have an intersection with the line from 

( )( )0 ,0 ,2
F1-F2-E1

nx  to ( )( )Hx n  ,0 ,2
F1-F2-E1  and have no intersection with the line from ( )( )0 ,0 ,2

F1-F2-E2
nx  

to ( )( )Hx n  ,0 ,2
F1-F2-E2 . The x-coordinate ( )2

F1-F2-E1
nx  can be calculated by, 

( )
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⎨
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,6,4,2for         1
,5,3,1for                 
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x n .    (A.40) 

Meanwhile, the x-coordinate ( )2
F1-F2-E2

nx  can be calculated by equation A.25. 
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Group 12 consists of image sources formed by multiple reflections between the surfaces 

F1Γ  and F2Γ  of the image sources )(
B1

1nI . They are denoted as, 

( )S
),(

F1-F2-B1-S
),(
F1-F2-B1 ,0,2121 zx nnnn −≡Ι ,        (A.41) 

where L,3,2,11 =n  and L,3,2,12 =n . The subscript F1-F2-B1  indicates the 

multiple reflections involved and the underline in the subscript indicates the ground 

reflection. After the last reflection by the surface B12Γ among the 1n times multiple 

reflections between the surfaces B12Γ  and B21Γ , there would be 2n  times multiple 

reflections between the surfaces F1Γ  and F2Γ . For odd 2n , the image sources )12,(
F1-F2-B1
21 +mnI , 

where K,2,1,02 =m , are reflected 2m  times by the surface F1Γ  and 12 +m  times by the 

surface F2Γ . For even 2n , the image sources )2,(
F1-F2-B1
21 mnI , where K,3,2,12 =m , they are 

reflected 2m  times by both surfaces F1Γ  and F2Γ . The x-coordinate ),(
F1-F2-B1-S

21 nnx  of the image 

source is calculated by equation A.37. The pressure contribution of ),(
F1-F2-B1

21 nnI  is calculated 

by, 

( ) ( )ℜℜ || ),(
F1-F2-B1

),(
F1-F2-B1

),(
112

),(
112

21212121 nn
direct

nnnnnn PVP II ⋅= .     (A.42) 

The factor ( )ℜ|),(
112

21 InnV , which accounts for the effects of the multiple reflections 

between the surfaces B12Γ , B21Γ , G2Γ , F1Γ  and F2Γ  is given by, 
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The illuminated zone of ),(
F1-F2-B1

21 nnI  is illustrated in figure A.11. The lines connecting 

),(
F1-F2-B1

21 nnI  and the illuminated receivers should have an intersection with the line from 

( )( )Hx n − ,0 ,2
F1-F2-E1  to ( )( )Hx n  ,0 ,2

F1-F2-E1  and have no intersection with the line from 
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( )( )Hx n − ,0 ,2
F1-F2-E2  to ( )( )Hx n  ,0 ,2

F1-F2-E2 . The x-coordinate ( )2
F1-F2-E1

nx  and ( )2
F1-F2-E2

nx  can be 

calculated by equations A.40 and A.25 respectively. 

 

Group 13 consists of image sources formed by multiple reflections between the surfaces 

F1Γ  and F2Γ  of the image sources )(
B2

1nI . They are denoted as, 

( )S
),(

F2-F1-B2-S
),(
F2-F1-B2 ,0,2121 zx nnnn ≡I ,        (A.44) 

where L,3,2,11 =n  and L,3,2,12 =n . The subscript F2-F1-B2  indicates the 

multiple reflections involved. After the last reflection by the surface B21Γ  among the 

1n times multiple reflections between the surfaces B12Γ  and B21Γ , there would be 2n  

times multiple reflections between the surfaces F1Γ  and F2Γ . For odd 2n , the image 

sources )12,(
F2-F1-B2
21 +mnI , where K,2,1,02 =m , are reflected 12 +m  times by the surface F1Γ  and 2m  

times by the surface F2Γ . For even 2n , the image sources )2,(
F2-F1-B2
21 mnI , where K,3,2,12 =m , 

they are reflected 2m  times by both surfaces F1Γ  and F2Γ . The x-coordinate ),(
F2-F1-B2-S

21 nnx  of 

the image source is calculated by, 
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The pressure contribution of ),(
F2-F1-B2

21 nnI  is calculated by, 

( ) ( )ℜℜ || ),(
F2-F1-B2
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),(
113
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21212121 nn
direct

nnnnnn PVP II ⋅= .     (A.46) 

The factor ( )ℜ|),(
113

21 InnV , which accounts for the effects of the multiple reflections 

between the surfaces B12Γ , B21Γ , F1Γ  and F2Γ  is given by, 

( )
( ) ( )[ ] ( )[ ]

( ) ( ) ( )[ ]⎪
⎩

⎪
⎨

⎧

=⋅⋅

+=⋅⋅
=

+

22F2F1
)(

105

22F2
1

F1
)(

105
),(

113

2for            ,,,,|

12for     ,,,,|
|

21

221

21

mnQQV

mnQQV
V

mn

mmn

nn

ββ

ββ

ℜℜℜ

ℜℜℜ
ℜ

III

III
I . (A.47) 



Image Source Modeling for Parallel Barriers 

 
Appendix 141 

The illuminated zone of ),(
F2-F1-B2

21 nnI  is illustrated in figure A.13. The lines connecting 

),(
F2-F1-B2

21 nnI  and the illuminated receivers should have no intersection with the line from 

( )( )0 ,0 ,2
F2-F1-E1

nx  to ( )( )Hx n  ,0 ,2
F2-F1-E1  and have an intersection with the line from ( )( )0 ,0 ,2

F2-F1-E2
nx  

to ( )( )Hx n  ,0 ,2
F2-F1-E2 . The x-coordinate ( )2

F2-F1-E1
nx  can be calculated by equation A.24. 

Meanwhile, the x-coordinate ( )2
F2-F1-E2

nx  can be calculated by, 
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Group 14 consists of image sources formed by multiple reflections between the surfaces 

F1Γ  and F2Γ  of the image sources )(
B2

1nI . They are denoted as, 

( )S
),(

F2-F1-B2-S
),(
F2-F1-B2 ,0,2121 zx nnnn −≡I ,        (A.49) 

where L,3,2,11 =n  and L,3,2,12 =n . The subscript F2-F1-B2  indicates the 

multiple reflections involved and the underline in the subscript indicates the ground 

reflection. After the last reflection by the surface B21Γ among the 1n times multiple 

reflections between the surfaces B12Γ  and B21Γ , there would be 2n  times multiple 

reflections between the surfaces F1Γ  and F2Γ . For odd 2n , the image sources )12,(
F2-F1-B2
21 +mnI , 

where K,2,1,02 =m , are reflected 12 +m  times by the surface F1Γ  and 2m  times by the 

surface F2Γ . For even 2n , the image sources )2,(
F2-F1-B2
21 mnI , where K,3,2,12 =m , they are 

reflected 2m  times by both façade surfaces F1Γ  and F2Γ . The x-coordinate ),(
F2-F1-B2-S

21 nnx  of the 

image source is calculated by equation A.45. The pressure contribution of ),(
F2-F1-B2

21 nnI  is 

calculated by, 
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F2-F1-B2

)(
F2-F1-B2

),(
114

),(
114

222121 n
direct

nnnnn PVP II ⋅= .     (A.50) 
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The factor ( )ℜ|),(
114

21 InnV , which accounts for the effects of the multiple reflections 

between the surfaces B12Γ , B21Γ , G2Γ , F1Γ  and F2Γ  is given by, 
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The illuminated zone of ),(
F2-F1-B2

21 nnI  is illustrated in figure A.14. The lines connecting 

),(
F2-F1-B2

21 nnI  and the illuminated receivers should have no intersection with the line from 

( )( )Hx n − ,0 ,2
F2-F1-E1  to ( )( )Hx n  ,0 ,2

F2-F1-E1  and have an intersection with the line from 

( )( )Hx n − ,0 ,2
F2-F1-E2  to ( )( )Hx n  ,0 ,2

F2-F1-E2 . The x-coordinate ( )2
F2-F1-E1

nx  and ( )2
F2-F1-E2

nx  can be 

calculated by equations A.24 and A.48 respectively. 
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A.3 Secondary Contribution from Edge of Diffraction E1 

 

In the previous section, we have discussed in details the formation and calculation with 

primary contributions. We now change our concentration to the secondary contributions. 

As mentioned before, the secondary image sources are not observed by the receiver in 

straight line of sight in the transmission paths with secondary contributions. The sound 

wave is transmitted to the receiver with diffraction involved. The edges of diffraction are 

considered as the secondary sources which form series of images due to reflection 

afterwards. In this section, we first concentrate on the diffraction at the edge Ε1 . The 

primary image sources 0I , 0I , { })(
B2

)2(
B2

)1(
B2 ,,, ∞III L  and { })(

B2
)2(

B2
)1(

B2 ,,, ∞III L  can 

contribute the pressure with diffraction at Ε1 . For the convenience in the upcoming 

explanation, we represent them into two series { })(
B2
nI  and { })(

B2
nI , where K0,1,2,n = , 

in which 0
)0(

B2 II =  and 0
)0(

B2 II = . Similar to the primary image sources, we categorize 

the contribution of the secondary image sources of Ε1  into 13 groups based on various 

combinations of reflections. 

 

Group 1 is the image source of Ε1  with contribution through direct transmission. The 

image source is actually at the original location of the edge Ε1  and is denoted by, 

( )HL ,0,10 =≡ Ε1Ε1 .         (A.52) 

The pressure contribution of 0E1  is calculated by, 
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,    (A.53) 

where the term Rβ  used for calculation of diffraction is dependent on the location of the 

receivers as follows, 
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⎪
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β .        (A.54) 

The illuminated zone of 0E1  is illustrated in figure A.15. The lines connecting 0E1  and 

the illuminated receivers should have no intersection with the line from ( )0 ,0 ,1 WL +  to 

( )HWL  ,0 ,1 + . 

 

Group 2 is the image source with one ground reflection and is denoted as, 

( )HL −≡ ,0,10E1 .         (A.55) 

The underline in the subscript indicates ground reflection. The pressure contribution of 

0E1  is calculated by, 
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where the term Rβ  is calculated using equation (A.54) and the reflection factor 

( )ℜ|2102 ΙV  accounts for the ground reflection as follows, 

( ) ( )G2102 ,,| βΙΙ ℜℜ QV = .        (A.57) 

Again, the term Gβ  is dependent on the location of the receiver and can be expressed as, 

⎪
⎩

⎪
⎨

⎧

>

≤
=

1RG2

1RG1

G

if       

 if       

L xβ

Lxβ
β .        (A.58) 

The illuminated Zone of 0E1  is illustrated in figure A.17. The lines connecting 0I  and 

the illuminated receivers should have no intersection with the line from ( )HWL −+  ,0 ,1  

to ( )HWL  ,0 ,1 + . 
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Group 3 comprises of the image sources formed by multiple reflections between the 

surfaces F1Γ  and B11Γ . They are denoted as, 

( )Hx qq ,0,)(
B11-F1-E1

)(
B11-F1

11 ≡E1 ,        (A.59) 

where L,3,2,11 =q . The subscript B11-F1  indicates the surfaces of reflections 

involved and the superscript 1q  in bracket denotes the total number of reflections from 

the surfaces F1Γ  and B11Γ . For odd order image sources )12(
B11-F1
1 +pE1 , where K,2,1,01 =p , 

they are reflected 11+p  times by the façade surface F1Γ  and 1p  times by the barrier 

surface B11Γ . For even order image sources )2(
B11-F1
1pE1 , where K,3,2,11 =p , they are 

reflected 1p  times by both surfaces F1Γ  and B11Γ . The x-coordinate )(
B11-F1-E1

1qx  of the image 

source is determined as, 
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⎨
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 6, 4, 2,  for           )1(
 7, 5, 3,  for                

111
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x q      (A.60) 

The contribution of )(
B11-F1

1qE1  is calculated by, 
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The factor ( )ℜ|)(
2103

1 IqV , which accounts for the effects of the multiple reflections between 

the surfaces F1Γ  and B11Γ , is given by, 
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The illuminated zone of )(
B11-F1

1qE1  is illustrated in figure A.17. Receivers having a height 

lower than H  and located between the façade surface F1Γ  and the barrier B1 should be 

illuminated by all )(
B11-F1

1qE1 . Especially for )1(
B11-F1E1 , receivers located higher than H  

are also illuminated. 
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Group 4 contains the ground reflected image sources formed by multiple reflections 

between the surfaces F1Γ  and B11Γ . They are similar to the image sources in group 3 but 

involve a one additional reflection with the ground surface G1Γ . They are denoted as, 

( )Hx qq −≡ ,0,)(
B11-F1

)(
B11-F1

11E1 ,        (A.63) 

where L,3,2,11 =q . The subscript B11-F1  indicates the surfaces of reflections 

involved and the underline in the subscript indicates the ground reflection. The 

superscript 1q  in bracket denotes the total number of reflections from the surfaces F1Γ  

and B11Γ . For odd order image sources )12(
B11-F1
1 +pE1 , where K,2,1,01 =p , they are reflected 

once by the ground surface G1Γ , 11+p  times by the façade surface F1Γ  and 1p  times by 

the barrier surface B11Γ . For even order image sources )2(
B11-F1
1pE1 , where K,3,2,11 =p , they 

are reflected once by the ground surface G1Γ  and 1p  times by both surfaces F1Γ  and B11Γ . 

The x-coordinate )(
B11-F1-E1

1qx  of the image source is determined by equation A.60. The 

contribution of )(
B11-F1

1qE1  is calculated by, 
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The factor ( )ℜ|)(
2104

1 IqV , which accounts for the effects of the multiple reflections between 

the surfaces G1Γ , F1Γ  and B11Γ , is given by, 
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The illuminated zone of )(
B11-F1

1qE1  is illustrated in figure A.18. For image sources )(
B11-F1

1qE1  

with odd order 1q , the lines connecting the illuminated receivers with )(
B11-F1

1qE1  should 
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have an intersection with the line from ( )HL −− ,0,1  to ( )HL ,0,1−  and have no 

intersection with the line from ( )HL −,0,1  to ( )HL ,0,1 . For the )(
B11-F1

1qE1  with even 1q , 

the lines connecting the illuminated receivers with )(
B11-F1

1qE1  should have an intersection 

with the line from ( )HL −,0,1  to ( )HL ,0,1 . 

 

Group 5 comprises of the image sources formed by multiple reflections between the 

barrier surfaces B12Γ  and B21Γ . They are denoted as, 

( )Hx qq ,0,)(
B12-B21-E1

)(
B12-B21

11 ≡E1 ,        (A.66) 

where L,3,2,11 =q . The subscript B12-B21  indicates the surfaces of reflections 

involved and the superscript 1q  in bracket denotes the total number of reflections from 

the surfaces B12Γ  and B21Γ . For odd order image sources )12(
B12-B21

1+pE1 , where K,2,1,01 =p , 

they are reflected 1p  times by the surface B12Γ  and 11+p  times by the surface B21Γ . For 

even order image sources )2(
B12-B21

1pE1 , where K,3,2,11 =p , they are reflected 1p  times by 

both surfaces B12Γ  and B21Γ . The x-coordinate )(
B12-B21-E1

1qx  of the image source is 

determined as, 
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The contribution of )(
B12-B21

1qE1  is calculated by, 

( ) ( ) ( )
( ) ( ) ( )∑

∞

= ⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⋅⋅+

⋅⋅
=

0 B12B12
)(

B12-B21
)(

B2
)(

B12-B21
)(

2105
)(

B2
)(

106

B12B12
)(

B12-B21
)(

B2
)(

B12-B21
)(

2105
)(

B2
)(

105)(
2105

1
111111

111111

1

,,|,|||

,,|,|||

n
qnqqnn

qnqqnn
q

TVV

TVV
P

ββ

ββ

ℜℜ

ℜℜ

E1E1IE1E1I

E1E1IE1E1I
. 

           (A.68) 

The factor ( )ℜ|)(
2105

1 IqV , which accounts for the effects of the multiple reflections between 

the surfaces B12Γ  and B21Γ , is given by, 
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The illuminated zone of )(
B12-B21

1qE1  is illustrated in figure A.19. The illuminated receiver 

should be located between the two barriers B1 and B2 and have a height lower than H . 

 

Group 6 contains the ground reflected image sources formed by multiple reflections 

between the surfaces B12Γ  and B21Γ . They are similar to the image sources in group 5 but 

involve an additonal reflection with the ground surface G2Γ . They are denoted as, 

( )Hx qq −≡ ,0,)(
B12-B21

)(
B12-B21

11E1 ,        (A.70) 

where L,3,2,11 =q . The subscript B12-B21  indicates the surfaces of reflections 

involved and the underline in the subscript indicates the ground reflection from the 

surfaces B12Γ  and B21Γ . The superscript 1q  in bracket denotes the total number of 

reflections. For odd order image sources )12(
B12-B21

1+pE1 , where K,2,1,01 =p , they are reflected 

once by the surface G2Γ , 1p  times by the surface B12Γ  and 11+p  times by the surface B21Γ . 

For even order image sources )2(
B12-B21

1pE1 , where K,3,2,11 =p , they are reflected once by the 

surface G2Γ  and 1p  times by both surfaces B12Γ  and B21Γ . The x-coordinate )(
B12-B21-E1

1qx  of 

the image source is determined by equation A.67. The contribution of )(
B12-B21

1qE1  is 

calculated by, 
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The factor ( )ℜ|)(
2106

1 IqV , which accounts for the effects of the multiple reflections between 

the surfaces G2Γ , B12Γ  and B21Γ , is given by, 
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The illuminated zone of )(
B12-B21

1qE1  is illustrated in figure A.20. For the )(
B12-B21

1qE1  with odd 

1q , the lines connecting the illuminated receivers with )(
B12-B21

1qE1  should have no 

intersection with the line from ( )HL −,0,1  to ( )HL ,0,1  and have an intersection with 

the line from ( )HWL −+ ,0,1  to ( )HWL ,0,1 + . For the )(
B12-B21

1qE1  with even 1q , the 

lines connecting the illuminated receivers with )(
B12-B21

1qE1  should have an intersection with 

the line from ( )HL −,0,1  to ( )HL ,0,1  and have no intersection with the line from 

( )HWL −+ ,0,1  to ( )HWL ,0,1 + . 

 

Group 7 comprises of the image sources formed by multiple reflections between the 

surfaces F1Γ  and F2Γ . They are denoted as, 

( )Hx qq ,0,)(
F2-F1-E1

)(
F2-F1

22 ≡E1 ,        (A.73) 

where L,4,3,22 =q . The subscript F2-F1  indicates the surfaces of reflections 

involved and the superscript 2q  in bracket denotes the total number of reflections from 

the surfaces F1Γ  and F2Γ . The starting number of reflection is 2 to avoid duplication with 

)1(
B11-F1E1 . For odd order image sources )12(

F2-F1
2 +pE1 , where K,3,2,12 =p , they are reflected 

12 +p  times by the façade surface F1Γ  and 2p  times by the surface F2Γ . For even order 

image sources )2(
F2-F1
2pE1 , where K,3,2,12 =p , they are reflected 2p  times by both surfaces 
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F1Γ  and F2Γ . The x-coordinate )(
F2-F1-E1

2qx  of the image source can be determined by 

equation A.24. The contribution of )(
F2-F1

2qE1  is calculated by, 
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The factor ( )ℜ|)(
2107

2 IqV , which accounts for the effects of the multiple reflections between 

the surfaces F1Γ  and F2Γ , is given by, 
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The illuminated zone of )(
F2-F1

2qE1  is illustrated in figure A.21. The illuminated receiver 

should have a height higher than H . 

 

Group 8 contains the ground reflected image sources formed by multiple reflections 

between the surfaces  F1Γ  and F2Γ . They are similar to the image sources in group 7 but 

involve an additional reflection with the ground surface G1Γ . They are denoted as, 

( )Hx qq −≡− ,0,)(
F2-F1-E1

)(
F21F

22E1 ,        (A.76) 

where L,4,3,22 =q . The subscript F2-F1  indicates the surfaces of reflections 

involved and the underline in the subscript indicates the ground reflection. The 

superscript 2q  in bracket denotes the total number of reflections from the surfaces F1Γ  

and F2Γ . Again, the starting number of reflection is 2 to avoid duplication with )1(
B11-F1E1 . 

For odd order image sources )12(
F2-F1
2 +pE1 , where K,3,2,12 =p , they are reflected once by the 

ground surface G1Γ , 12 +p  times by the façade surface F1Γ  and 2p  times by the façade 

surface F2Γ . For even order image sources )2(
F2-F1
2pE1 , where K,3,2,12 =p , they are reflected 
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once by the ground surface G1Γ  and 2p  times by both surfaces F1Γ  and F2Γ . The x-

coordinate )(
F2-F1-E1

2qx  of the image source is determined by equation A.24. The contribution 

of )(
F2-F1

2qE1  is calculated by, 
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The factor ( )ℜ|)(
2108

2 IqV , which accounts for the effects of the multiple reflections between 

the surfaces G1Γ , F1Γ  and B2Γ , is given by, 
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The illuminated zone of )(
F2-F1

2qE1  is illustrated in figure A.22. The lines connecting the 

illuminated receivers with )(
F2-F1

2qE1  should have no intersection with the line from 

( )Hx q −− ,0,)1(
F1-F2-E1

2  to ( )Hx q ,0,)1(
F1-F2-E1

2 − . The x-coordinate )(
F1-F2-E1

2qx  is calculated by equation 

A.40. 

 

Group 9 comprises of the image sources formed by multiple reflections between the 

surfaces F1Γ  and F2Γ . They are denoted as, 

( )Hx qq ,0,)(
F1-F2-E1

)(
F1-F2

22 ≡E1 ,        (A.79) 

where L,3,2,12 =q . The subscript F2-F1  indicates the surfaces of reflections involved 

and the superscript 2q  in bracket denotes the total number of reflections from the 

surfaces F1Γ  and F2Γ . For odd order image sources )12(
F1-F2
2 +pE1 , where K,2,1,02 =p , they are 

reflected 2p  times by the façade surface F1Γ  and 12 +p  times by the surface F2Γ . For even 

order image sources )2(
F1-F2
2pE1 , where K,3,2,11 =p , they are reflected 2p  times by both 
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surfaces F1Γ  and F2Γ . The x-coordinate )(
F1-F2-E1

2qx  of the image source is determined by 

equation A.40. 

The contribution of )(
F1-F2

2qE1  is calculated by, 
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The factor ( )ℜ|)(
2109

2 IqV , which accounts for the effects of the multiple reflections between 

the surfaces F1Γ  and F2Γ , is given by, 
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The illuminated zone of )(
F1-F2

2qE1  is illustrated in figure A.23. The illuminated receiver 

should have a height higher than H . 

 

Group 10 contains the ground reflected image sources formed by multiple reflections 

between the surfaces F1Γ  and F2Γ . They are similar to the image sources in group 9 but 

involve an additional reflection with the ground surface G2Γ . They are denoted as, 

( )Hx qq −≡ ,0,)(
F1-F2-E1

)(
F1-F2

22E1 ,        (A.82) 

where L,3,2,12 =q . The subscript F1-F2  indicates the surfaces of reflections involved 

and the underline in the subscript indicates the ground reflection. The superscript 2q  in 

bracket denotes the total number of reflections from the surfaces F1Γ  and F2Γ . For odd 

order image sources )12(
F1-F2
2 +pE1 , where K,2,1,02 =p , they are reflected once by the ground 

surface G2Γ , 2p  times by the façade surface F1Γ  and 12 +p  times by the barrier surface 

F2Γ . For even order image sources )2(
F1-F2
2pE1 , where K,3,2,12 =p , they are reflected once 
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by the ground surface G2Γ  and 2p  times by both surfaces F1Γ  and F2Γ . The x-coordinate 

)(
F1-F2-E1

2qx  of the image source is determined by equation A.40. The contribution of )(
F1-F2

2qE1  

is calculated by, 
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The factor ( )ℜ|)(
2110

2 IqV , which accounts for the effects of the multiple reflections between 

the surfaces G3Γ , F1Γ  and B2Γ , is given by, 
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The illuminated zone of )(
F1-F2

2qE1  is illustrated in figure A.24. The lines connecting the 

illuminated receivers with )(
F1-F2

2qE1  should have no intersection with the line from 

( )( )H,x q −,02
F1-F2-E2  to ( )( )H,x q ,02

F1-F2-E2  and. The x-coordinate )(
F1-F2-E2

2qx  is calculated by 

equation A.25. 

 

Group 11 consists of image sources formed by multiple reflections between the surfaces 

F1Γ  and F2Γ  of the image sources )(
B12-B21

1qE1  with odd 1q . They are denoted as, 

( )Hx qqqq −≡ ,0,),(
F2-F1-B12-B21-E1

),(
F2-F1-B12-B21

2121E1 ,       (A.85) 

where L,5,3,11 =q  and L,3,2,12 =q . The subscript F2-F1-B12-B21  indicates the 

surfaces of reflections involved and the underline in the subscript indicates the ground 

reflection. After the last reflection by B21Γ  among the 1q times multiple reflections 

between the surfaces B12Γ  and B21Γ , there would be 2q  times multiple reflections 

between the surfaces F1Γ  and F2Γ . For odd 2q , the image sources )12,(
F2-F1-B12-B21

21 +pqE1 , where 
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K,2,1,02 =p , are reflected 12 +p  times by the surface F1Γ  and 2p  times by the surface F2Γ . 

For even 2q , the image sources )2,(
F2-F1-B12-B21

21 pqE1 , where K,3,2,12 =p , they are reflected 2p  

times by both surfaces F1Γ  and F2Γ . The x-coordinate ),(
F2-F1-B12-B21-E1

21 qqx  of the image source 

is calculated by, 
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The pressure contribution of ),(
F2-F1-B12-B21

21 qqE1  is calculated by, 
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The factor ( )ℜ|),(
2111

21 IqqV , which accounts for the effects of the multiple reflections 

between the surfaces G2Γ , B12Γ , B21Γ , F1Γ  and F2Γ  is given by, 
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The illuminated zone of ),(
F2-F1-B12-B21

21 qqE1  is illustrated in figure A.25. The lines connecting 

the illuminated receivers with ),(
F2-F1-B12-B21

21 qqE1  should have no intersection with the line 

from ( )Hx q −,0,)(
F2-F1-E1

2  to ( )Hx q ,0,)(
F2-F1-E1

2  and have an intersection with the line from 

( )Hx q −,0,)(
F2-F1-E2

2  to ( )Hx q ,0,)(
F2-F1-E2

2 . The x-coordinate )(
F2-F1-E1

2qx  can be calculated by 

equation A.24 while the x-coordinate )(
F2-F1-E2

2qx  can be calculated by equation A.48. 
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Group 12 consists of image sources formed by multiple reflections between the surfaces 

F1Γ  and F2Γ  of the image sources )(
B12-B21

1qE1  with even 1q . They are denoted as, 

( )Hx qqqq −≡ ,0,),(
F1-F2-B12-B21-E1

),(
F1-F2-B12-B21

2121E1 ,       (A.89) 

where L,6,4,21 =q  and L,3,2,12 =q . The subscript F1-F2-B12-B21  indicates the 

surfaces of reflections involved and the underline in the subscript indicates the ground 

reflection. After the last reflection by B12Γ  among the 1q times multiple reflections 

between the surfaces B12Γ  and B21Γ , there would be 2q  times multiple reflections 

between the surfaces F1Γ  and F2Γ . For odd 2q , the image sources )12,(
F1-F2-B12-B21

21 +pqE1 , where 

K,2,1,02 =p , are reflected 2p  times by the surface F1Γ  and 12 +p  times by the surface F2Γ . 

For even 2q , the image sources )2,(
F1-F2-B12-B21

21 pqE1 , where K,3,2,12 =p , they are reflected 2p  

times by both surfaces F1Γ  and F2Γ . The x-coordinate ),(
F1-F2-B12-B21-E1

21 qqx  of the image source 

is calculated by, 
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The pressure contribution of ),(
F1-F2-B12-B21

21 qqE1  is calculated by, 
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The factor ( )ℜ|),(
2112

21 IqqV , which accounts for the effects of the multiple reflections 

between the surfaces G2Γ , B12Γ , B21Γ , F1Γ  and F2Γ  is given by, 
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The illuminated zone of ),(
F1-F2-B12-B21

21 qqE1  is illustrated in figure A.26. The lines connecting 

the illuminated receivers with ),(
F1-F2-B12-B21

21 qqE1  should have an intersection with the line 

from ( )Hx q −,0,)(
F1-F2-E1

2  to ( )Hx q ,0,)(
F1-F2-E1

2  and have no intersection with the line from 

( )Hx q −,0,)(
F1-F2-E2

2  to ( )Hx q ,0,)(
F1-F2-E2

2 . The x-coordinate )(
F1-F2-E1

2qx  can be calculated by 

equation A.40 while the x-coordinate )(
F1-F2-E2

2qx  can be calculated by equation A.25. 

 

Group 13 consists of image sources formed by multiple reflections between the surfaces 

F1Γ  and F2Γ  of the image sources )(
B11-F1

1qE1  with odd 1q . They are denoted as, 

( )Hx qqqq −≡ ,0,),(
F1-F2-B11-F1-E1

),(
F1-F2-B11-F1

2121E1 ,       (A.93) 

where L,7,5,31 =q  and L,3,2,12 =q . The subscript F1-F2-B11-F1  indicates the 

surfaces of reflections involved and the underline in the subscript indicates the ground 

reflection. The order of reflections 1q  is starts from 3 as the image sources ),1(
F1-F2-B11-F1

2qE1  

are already considered as ( )1
F2-F1

2 +qE1  already. After the last reflection by F1Γ  among the 

1q times multiple reflections between F1Γ  and B11Γ , there would be 2q  times multiple 

reflections between F1Γ  and F2Γ . For odd 2q , the image sources )12,(
F1-F2-B11-F1

21 +pqE1 , where 

K,2,1,02 =p , are reflected 2p  times by the surface F1Γ  and 12 +p  times by the surface F2Γ . 

For even 2q , the image sources )2,(
F1-F2-B11-F1

21 pqE1 , where K,3,2,12 =p , they are reflected 2p  
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times by both surfaces F1Γ  and F2Γ . The x-coordinate ),(
F1-F2-B11-F1-E1

21 qqx  of the image source is 

given by, 
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The pressure contribution of ),(
F1-F2-B11-F1

21 qqE1  is calculated by, 
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The factor ( )ℜ|),(
2113

21 IqqV , which accounts for the effects of the multiple reflections 

between the surfaces G2Γ , B12Γ , B21Γ , F1Γ  and F2Γ  is given by, 
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           (A.96) 

The illuminated zone of ),(
F1-F2-B11-F1

21 qqE1  is illustrated in figure A.27. The lines connecting 

the illuminated receivers with ),(
F1-F2-B11-F1

21 qqE1  should have no intersection with the line from 

( )( )Hx q −,0,2
F1-F2-E1  to ( )( )Hx q ,0,2

F1-F2-E1  and have an intersection with the line from 

( )Hx q −+ ,0,)1(
F2-F1-E1

2  to ( )Hx q ,0,)1(
F2-F1-E1

2 + . The x-coordinate )(
F1-F2-E1

2qx  can be calculated by 

equation A.40 while the x-coordinate )(
F2-F1-E1

2qx  can be calculated by equation A.24. 
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A.4 Secondary Contribution from Edge of Diffraction E2 

 

In section A.3, we have discussed in details the secondary contribution of the diffraction 

at the edge Ε1 . In this section, we put our attention to the diffraction at the edgeΕ2 . The 

primary image sources that can contribute to the pressure with diffraction at Ε2  are 0I , 

0I , { })(
B1

)2(
B1

)1(
B1 ,,, ∞III L  and { })(

B1
)2(

B1
)1(

B1 ,,, ∞III L . Similar to the diffraction at Ε1 , we 

represent these primary image sources into two series { })(
B1
nI  and { })(

B1
nI , where 

K0,1,2,n = ,. The image sources 0I  and 0I  are represented by )0(
B1I  and )0(

B1I  

respectively. Similar to our previous analysis, we categorize the contribution of the 

secondary image sources of Ε2  into 13 groups based on various combinations of 

reflections. 

 

Group 1 is the image source of Ε2  with contribution through direct transmission. The 

image source is actually at the original location of the edge Ε2  and is denoted by, 

( )HWL ,0,10 +=≡ Ε2Ε2 .        (A.97) 

The pressure contribution of 0Ε2  is calculated by, 
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where the term Rβ  used for the calculation of diffraction is dependent on the location of 

the receivers as follows, 
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The illuminated zone of 0Ε2  is illustrated in figure A.28. The lines connecting 0Ε2  and 

the illuminated receivers should have no intersection with the line from ( )0 ,0 ,1L  to 

( )HL  ,0 ,1 . 

 

Group 2 is the image source with one ground reflection and it is denoted as, 

( )HWL −+≡ ,0,10E2 .                   (A.100) 

The underline in the subscript indicates ground reflection. The pressure contribution of 

0E2  is calculated by, 
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where the term Rβ  is calculated by equation (A.99) and the reflection factor ( )ℜ|2202 ΙV  

accounts for the ground reflection as follows, 

( ) ( )G2202 ,,| βΙΙ ℜℜ QV = .                 (A.102) 

Again, the term Gβ  is dependent on the location of the receiver and can be expressed as, 

⎪
⎩

⎪
⎨
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+>

+≤
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WL xβ

WLxβ

1RG3

1RG2

G

if       

 if       
β .                 (A.103) 

The illuminated Zone of 0E2  is illustrated in figure A.29. The lines connecting 0E2  and 

the illuminated receivers should have no intersection with the line from ( )HL − ,0 ,1  to 

( )HL  ,0 ,1 . 

 

Group 3 comprises of the image sources formed by multiple reflections between the 

surfaces F2Γ  and B22Γ . They are denoted as, 

( )Hx qq ,0,)(
B22-F2-E2

)(
B22-F2

11 ≡E2 ,                 (A.104) 
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where L,3,2,11 =q . The subscript B22-F2  indicates the surfaces of reflections 

involved and the superscript 1q  in bracket denotes the total number of reflections from 

the surfaces F2Γ  and B22Γ . For odd order image sources )12(
B22-F2
1+pE2 , where K,2,1,01 =p , they 

are reflected 11+p  times by the façade surface F2Γ  and 1p  times by the barrier surface 

B22Γ . For even order image sources )2(
B22-F2
1pE2 , where K,3,2,11 =p , they are reflected 1p  

times by both surfaces F2Γ  and B22Γ . The x-coordinate )(
B22-F2-E2

1qx  of the image source is 

determined as, 
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⎨
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 6, 4, 2,  for                 
 5, 3, 1,  for         )1(

1211

1211)(
B22-F2-E2

1

qLqWL
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x q              (A.105) 

The contribution of )(
B22-F2

1qE2  is calculated by, 
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The factor ( )ℜ|)(
2203

1 IqV , which accounts for the effects of the multiple reflections between 

the surfaces F2Γ  and B22Γ , is given by, 
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The illuminated zone of )(
B22-F2

1qE2  is illustrated in figure A.30. Receivers having a height 

lower than H  and located between the façade surface F2Γ  and the barrier B2 should be 

illuminated by all )(
B22-F2

1qE2 . Especially for )1(
B22-F2E2 , receivers located higher than H  are 

also illuminated. 
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Group 4 contains the ground reflected image sources formed by multiple reflections 

between the surfaces F2Γ  and B22Γ . They are similar to the image sources in group 3 but 

involve an additional reflection with the ground surface G3Γ . They are denoted as, 

( )Hx qq −≡ ,0,)(
B22-F2

)(
B22-F2

11E2 ,                 (A.108) 

where L,3,2,11 =q . The subscript B22-F2  indicates the surfaces of reflections 

involved and the underline in the subscript indicates the ground reflection. The 

superscript 1q  in bracket denotes the total number of reflections from the surfaces F2Γ  

and B22Γ . For odd order image sources )12(
B22-F2
1+pE2 , where K,2,1,01 =p , they are reflected 

once by the ground surface G3Γ , 11+p  times by the façade surface F2Γ  and 1p  times by 

the barrier surface B22Γ . For even order image sources )2(
B22-F2
1pE2 , where K,3,2,11 =p , they 

are reflected once by the ground surface G3Γ  and 1p  times by both surfaces F2Γ  and B22Γ . 

The x-coordinate )(
B22-F2-E2

1qx  of the image source is determined by equation A.105. The 

contribution of )(
B22-F2

1qE2  is calculated by, 
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The factor ( )ℜ|)(
2204

1 IqV , which accounts for the effects of the multiple reflections between 

the surfaces G1Γ , F2Γ  and B22Γ , is given by, 
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The illuminated zone of )(
B22-F2

1qE2  is illustrated in figure A.31. For image sources )(
B22-F2

1qE2  

with odd order 1q , the lines connecting the illuminated receivers with )(
B22-F2

1qE2  should 

have an intersection with the line from ( )HLL −+ ,0,2  to ( )HLL ,0,2+  and have no 

intersection with the line from ( )HWL −+ ,0,1  to ( )HWL ,0,1 + . For the )(
B22-F2

1qE2  with 

even 1q , the lines connecting the illuminated receivers with )(
B22-F2

1qE2  should have an 

intersection with the line from ( )HWL −+ ,0,1  to ( )HWL ,0,1 + . 

 

Group 5 comprises of the image sources formed by multiple reflections between the 

barrier surfaces B12Γ  and B21Γ . They are denoted as, 

( )Hx qq ,0,)(
B21-B12-E2

)(
B21-B12

11 ≡E2 ,                 (A.111) 

where L,3,2,11 =q . The subscript B21-B12  indicates the surfaces of reflections 

involved and the superscript 1q  in bracket denotes the total number of reflections from 

the surfaces B12Γ  and B21Γ . For odd order image sources )12(
B21-B12

1+qE2 , where K,2,1,01 =p , 

they are reflected 11+p  times by the surface B12Γ  and 1p  times by the surface B21Γ . For 

even order image sources )2(
B21-B12

1qE2 , where K,3,2,11 =p , they are reflected 1p  times by 

both surfaces B12Γ  and B21Γ . The x-coordinate )(
B21-B12-E2

1qx  of the image source is 

determined as, 

( )⎩
⎨
⎧

=⋅++
=⋅−

=
L

K

 6, 4, 2, for            1
 5, 3, 1,  for                   

111

111)(
B21-B12-E2

1

qWqL
qWqL

x q .              (A.112) 

The contribution of )(
B21-B12

1qE2  is calculated by, 
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The factor ( )ℜ|)(
2205

1 IqV , which accounts for the effects of the multiple reflections between 

the surfaces B12Γ  and B21Γ , is given by, 
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The illuminated zone of )(
B21-B12

1qE2  is illustrated in figure A.32. The illuminated receivers 

should be located between the two barriers B1 and B2 and have a height lower than H . 

 

Group 6 contains the ground reflected image sources formed by multiple reflections 

between the surfaces B12Γ  and B21Γ . They are similar to the image sources in group 5 but 

involve an additional reflection with the ground surface G2Γ . They are denoted as, 

( )Hx qq −≡ ,0,)(
B21-B12-E2

)(
B21-B12

11E2 ,                 (A.115) 

where L,3,2,11 =q . The subscript B21-B12  indicates the surfaces of reflections 

involved and the underline in the subscript indicates the ground reflection. The 

superscript 1q  in bracket denotes the total number of reflections from the surfaces B12Γ  

and B21Γ . For odd order image sources )12(
B21-B12

1+pE2 , where K,2,1,01 =p , they are reflected 

once by the surface G2Γ , 11+p  times by the surface B12Γ  and 1p  times by the surface B21Γ . 

For even order image sources )2(
B21-B12

1pE2 , where K,3,2,11 =p , they are reflected once by the 

surface G2Γ  and 1p  times by both surfaces B12Γ  and B21Γ . The x-coordinate )(
B21-B12-E2

1qx  of 

the image source is determined by equation A.112. The contribution of )(
B21-B12

1qE2  is 

calculated by, 
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                    (A.116) 

The factor ( )ℜ|)(
2206

1 IqV , which accounts for the effects of the multiple reflections between 

the surfaces G2Γ , B12Γ  and B21Γ , is given by, 
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The illuminated zone of )(
B21-B12

1qE2  is illustrated in figure A.33. For the )(
B21-B12

1qE2  with odd 

1q , the lines connecting the illuminated receivers with )(
B21-B12

1qE2  should have an 

intersection with the line from ( )HL −,0,1  to ( )HL ,0,1  and have no intersection with 

the line from ( )HWL −+ ,0,1  to ( )HWL ,0,1 + . For the )(
B21-B12

1qE2  with even 1q , the 

lines connecting the illuminated receivers with )(
B21-B12

1qE2  should have no intersection with 

the line from ( )HL −,0,1  to ( )HL ,0,1  and have an intersection with the line from 

( )HWL −+ ,0,1  to ( )HWL ,0,1 + . 

 

Group 7 comprises of the image sources formed by multiple reflections between the 

surfaces F1Γ  and F2Γ . They are denoted as, 

( )Hx qq ,0,)(
F2-F1-E2

)(
F2-F1

22 ≡E2 ,                 (A.118) 

where L,3,2,12 =q . The subscript F2-F1  indicates the surfaces of reflections involved 

and the superscript 2q  in bracket denotes the total number of reflections from the 

surfaces F1Γ  and F2Γ . For odd order image sources )12(
F2-F1
2 +pE2 , where K,2,1,02 =p , they are 
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reflected 12 +p  times by the surface F1Γ  and 2p  times by the surface F2Γ . For even order 

image sources )2(
F2-F1
2pE2 , where K,3,2,12 =p , they are reflected 2p  times by both surfaces 

F1Γ  and F2Γ . The x-coordinate )(
F2-F1-E2

2qx  of the image source can be determined by 

equation A.48. The contribution of )(
F2-F1

2qE2  is calculated by, 
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The factor ( )ℜ|)(
2207

2 IqV , which accounts for the effects of the multiple reflections between 

the surfaces F1Γ  and F2Γ , is given by, 
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The illuminated zone of )(
F2-F1

2qE2  is illustrated in figure A.34. The illuminated receivers 

should have a height higher than H . 

 

Group 8 contains the ground reflected image sources formed by multiple reflections 

between the surfaces F1Γ  and F2Γ . They are similar to the image sources in group 7 but 

involve an additional reflection with the ground surface G2Γ . They are denoted as, 

( )Hx qq −≡− ,0,)(
F2-F1-E2

)(
F21F

22E2 ,                 (A.121) 

where L,4,3,22 =q . The subscript F2-F1  indicates the surfaces of reflections 

involved and the underline in the subscript indicates the ground reflection. The 

superscript 2q  in bracket denotes the total number of reflections from the surfaces F1Γ  

and F2Γ . For odd order image sources )12(
F21F
2 +

−
pE2 , where K,2,1,02 =p , they are reflected 
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once by the ground surface G2Γ , 12 +p  times by the surface F1Γ  and 2p  times by the 

surface F2Γ . For even order image sources )2(
F21F
2p

−E2 , where K,3,2,12 =p , they are reflected 

once by the ground surface G2Γ  and 2p  times by both surfaces F1Γ  and F2Γ . The x-

coordinate )(
F2-F1-E2

2qx  of the image source is determined by equation A.48. The contribution 

of )(
F21F

2q
−E2  is calculated by, 
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                    (A.122) 

The factor ( )ℜ|)(
2208

2 IqV , which accounts for the effects of the multiple reflections between 

the surfaces G2Γ , F1Γ  and B2Γ , is given by, 
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The illuminated zone of )(
F21F

2q
−E2  is illustrated in figure A.35. The lines connecting the 

illuminated receivers with )(
F21F

2q
−E2  should have no intersection with the line from 

( )Hx q −,0,)(
F2-F1-E1

2  to ( )Hx q ,0,)(
F2-F1-E1

2 . The x-coordinate )(
F2-F1-E1

2qx  is calculated by equation 

A.24. 

 

Group 9 comprises of the image sources formed by multiple reflections between the 

surfaces F1Γ  and F2Γ . They are denoted as, 

( )Hx qq ,0,)(
F1-F2-E2

)(
F1-F2

22 ≡E2 ,                 (A.124) 
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where L,4,3,22 =q . The subscript F1-F2  indicates the surfaces of reflections 

involved and the superscript 2q  in bracket denotes the total number of reflections from 

the surfaces F1Γ  and F2Γ . The starting number of reflection is 2 to avoid duplication with 

image source )1(
B22-F2E2 . For odd order image sources )12(

F1-F2
2 +pE2 , where K,2,1,02 =p , they 

are reflected 2p  times by the façade surface F1Γ  and 12 +p  times by the façade surface 

F2Γ . For even order image sources )2(
F1-F2
2pE2 , where K,3,2,11 =p , they are reflected 2p  times 

by both façade surfaces F1Γ  and F2Γ . The x-coordinate )(
F1-F2-E2

2qx  of the image source is 

determined by equation A.25. 

The contribution of )(
F1-F2

2qE2  is calculated by, 
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The factor ( )ℜ|)(
2209

2 IqV , which accounts for the effects of the multiple reflections between 

the surfaces F1Γ  and F2Γ , is given by, 
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The illuminated zone of )(
F1-F2

2qE2  is illustrated in figure A.36. The illuminated receiver 

should have a height higher than H . 

 

Group 10 contains the ground reflected image sources formed by multiple reflections 

between the surfaces F1Γ  and F2Γ . They are similar to the image sources in group 9 but 

involve an additional reflection with the ground surface G3Γ . They are denoted as, 
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( )Hx qq −≡ ,0,)(
F1-F2-E2

)(
F1-F2

22E2 ,                 (A.127) 

where L,4,3,22 =q . The subscript F1-F2  indicates the surfaces of reflections 

involved and the underline in the subscript indicates the ground reflection. The 

superscript 2q  in bracket denotes the total number of reflections from the surfaces F1Γ  

and F2Γ . Again, the starting number of reflection is 2 to avoid duplication with the image 

source )1(
B22-F2E2 . For odd order image sources )12(

F1-F2
2 +pE2 , where K,2,1,02 =p , they are 

reflected once by the ground surface G3Γ , 2p  times by the façade surface F1Γ  and 12 +p  

times by the façade surface F2Γ . For even order image sources )2(
F1-F2
2pE2 , where 

K,3,2,12 =p , they are reflected once by the ground surface G3Γ  and 2p  times by both 

façade surfaces F1Γ  and F2Γ . The x-coordinate )(
F1-F2-E2

2qx  of the image source is determined 

by equation A.25. The contribution of )(
F1-F2

2qE2  is calculated by, 
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The factor ( )ℜ|)(
2210

2 IqV , which accounts for the effects of the multiple reflections between 

the surfaces G3Γ , F1Γ  and B2Γ , is given by, 
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The illuminated zone of )(
F1-F2

2qE2  is illustrated in figure A.37. The lines connecting the 

illuminated receivers with )(
F1-F2

2qE2  should have no intersection with the line connecting 
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( )Hx q −− ,0,)1(
F2-F1-E2

2  and ( )Hx q ,0,)1(
F2-F1-E2

2 − . The x-coordinate )(
F2-F1-E2

2qx  is calculated by 

equation A.48. 

 

Group 11 consists of image sources formed by multiple reflections between the surfaces 

F1Γ  and F2Γ  of the image sources )(
B21-B12

1qE2  with even 1q . They are denoted as, 

( )Hx qqqq −≡ ,0,),(
F2-F1-B21-B12-E2

),(
F2-F1-B21-B12

2121E2 ,                (A.130) 

where L,6,4,21 =q  and L,3,2,12 =q . The subscript F2-F1-B21-B12  indicates the 

surfaces of reflections involved and the underline in the subscript indicates the ground 

reflection. After the last reflection by B21Γ  among the 1q times multiple reflections 

between the surfaces B12Γ  and B21Γ , there would be 2q  times multiple reflections 

between the surfaces F1Γ  and F2Γ . For odd 2q , the image sources )12,(
F2-F1-B21-B12

21 +pqE2 , where 

K,2,1,02 =p , are reflected 12 +p  times by the surface F1Γ  and 2p  times by the surface F2Γ . 

For even 2q , the image sources )2,(
F2-F1-B21-B12

21 pqE2 , where K,3,2,12 =p , they are reflected 2p  

times by both surfaces F1Γ  and F2Γ . The x-coordinate ),(
F2-F1-B21-B12-E2

21 qqx  of the image source 

is calculated by, 
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The pressure contribution of ),(
F2-F1-B21-B12

21 qqE2  is calculated by, 
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The factor ( )ℜ|),(
2211

21 IqqV , which accounts for the effects of the multiple reflections 

between the surfaces G2Γ , B12Γ , B21Γ , F1Γ  and F2Γ  is given by, 
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The illuminated zone of ),(
F2-F1-B21-B12

21 qqE2  is illustrated in figure A.38. The lines connecting 

the illuminated receivers with ),(
F2-F1-B21-B12

21 qqE2  should have no intersection with the line 

from ( )Hx q −,0,)(
F2-F1-E1

2  to ( )Hx q ,0,)(
F2-F1-E1

2  and have an intersection with the line from 

( )Hx q −,0,)(
F2-F1-E2

2  to ( )Hx q ,0,)(
F2-F1-E2

2 . The x-coordinate ( )2
F2-F1-E1

qx  can be calculated by 

equation A.24 while the x-coordinate ( )2
F2-F1-E2

qx  can be calculated by equation A.48. 

 

Group 12 consists of image sources formed by multiple reflections between the surfaces 

F1Γ  and F2Γ  of the image sources )(
B21-B12

1qE2  with odd 1q . They are denoted as, 

( )Hx qqqq −≡ ,0,),(
F1-F2-B21-B12-E2

),(
F1-F2-B21-B12

2121E2 ,                (A.134) 

where L,5,3,11 =q  and L,3,2,12 =q . The subscript F1-F2-B21-B12  indicates the 

surfaces of reflections involved and the underline in the subscript indicates the ground 

reflection. After the last reflection by B12Γ  among the 1q times multiple reflections 

between the surfaces B12Γ  and B21Γ , there would be 2q  times multiple reflections 

between the surfaces F1Γ  and F2Γ . For odd 2q , the image sources )12,(
F1-F2-B21-B12

21 +pqE2 , where 

K,2,1,02 =p , are reflected 2p  times by the surface F1Γ  and 12 +p  times by the surface F2Γ . 

For even 2q , the image sources )2,(
F1-F2-B21-B12

21 pqE2 , where K,3,2,12 =p , they are reflected 2p  

times by both surfaces F1Γ  and F2Γ . The x-coordinate ),(
F1-F2-B12-B21-E1

21 qqx  of the image source 

is calculated by, 
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The pressure contribution of ),(
F1-F2-B21-B12

21 qqE2  is calculated by, 
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The factor ( )ℜ|),(
2212

21 IqqV , which accounts for the effects of the multiple reflections 

between the surfaces G2Γ , B12Γ , B21Γ , F1Γ  and F2Γ  is given by, 
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                    (A.137) 

The illuminated zone of ),(
F1-F2-B21-B12

21 qqE2  is illustrated in figure A.39. The lines connecting 

the illuminated receivers with ),(
F1-F2-B21-B12

21 qqE2  should have an intersection with the line 

from ( )Hx q −,0,)(
F1-F2-E1

2  to ( )Hx q ,0,)(
F1-F2-E1

2  and have no intersection with the line from 

( )Hx q −,0,)(
F1-F2-E2

2  to ( )Hx q ,0,)(
F1-F2-E2

2 . The x-coordinate ( )2
F1-F2-E1

qx  can be calculated by 

equation A.40 while the x-coordinate ( )2
F1-F2-E2

qx  can be calculated by equation A.25. 

 

Group 13 consists of image sources formed by multiple reflections between the surfaces 

F1Γ  and F2Γ  of the image sources )(
B22-F2

1qE2  with odd 1q . They are denoted as, 

( )Hx qqqq −≡ ,0,),(
F2-F1-B22-F2-E2

),(
F2-F1-B22-F2

2121E2 ,                (A.138) 
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where L,7,5,31 =q  and L,3,2,12 =q . The subscript F2-F1-B22-F2  indicates the 

surfaces of reflections involved and the underline in the subscript indicates the ground 

reflection. The order of reflections is starts from 3 as the image sources ),1(
F2-F1-B22-F2

2qE2  are 

already considered as )1(
B22-F2

2 +qE2  already. After the last reflection by F2Γ  among the 

1q times multiple reflections between F2Γ  and B22Γ , there would be 2q  times multiple 

reflections between F1Γ  and F2Γ . For odd 2q , the image sources )12,(
F2-F1-B22-F2

21 +qqE2 , where 

K,2,1,02 =p , are reflected 12 +p  times by the surface F1Γ  and 2p  times by the surface F2Γ . 

For even 2q , the image sources )2,(
F2-F1-B22-F2

21 qqE2 , where K,3,2,12 =p , they are reflected 2p  

times by both surfaces F1Γ  and F2Γ . The x-coordinate ),(
F2-F1-B22-F2-E2

21 qqx  of the image source is 

given by, 
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The pressure contribution of ),(
F2-F1-B22-F2

21 qqE2  is calculated by, 
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The factor ( )ℜ|),(
2213

21 IqqV , which accounts for the effects of the multiple reflections 

between the surfaces G2Γ , B12Γ , B21Γ , F1Γ  and F2Γ  is given by, 
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The illuminated zone of ),(
F2-F1-B22-F2

21 qqE2  is illustrated in figure A.40. The lines connecting 

the illuminated receivers with ),(
F2-F1-B22-F2

21 qqE2  should have no intersection with the line from 

( )Hx q −,0,)(
F2-F1-E2

2  to ( )Hx q ,0,)(
F2-F1-E2

2  and have an intersection with the line from 

( )Hx q −+ ,0,)1(
F1-F2-E2

2  to ( )Hx q ,0,)1(
F1-F2-E2

2 + . The x-coordinate ( )2
F2-F1-E2

qx  can be calculated by 

equation A.48 while the x-coordinate ( )2
F1-F2-E2

qx  can be calculated by equation A.25. 
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A.5 Overall Sound Pressure Level 

 

In this section, we summarize the determination of the overall sound pressure by the 

image source model. The overall sound pressure at a particular receiver position would 

be the coherence summation of all the contribution from primary and secondary image 

sources which are illuminating the receiver. The cases with the parallel barriers in front 

of a façade surface would be a simplification of the case with the parallel barriers along a 

street canyon. In both cases, the overall sound pressure can be expressed as, 

E2Secondary,E1Secondary,Primary),( PPPP ++=ℜS ,               (A.142) 

where, PrimaryP  is the overall primary contribution, 

 E1 Secondary,P  is the overall secondary contribution from E1 , 

 E2 Secondary,P  is the overall secondary contribution from E2 . 

The details of the calculation of the terms PrimaryP , E1 Secondary,P  and E2 Secondary,P  would be 

different for the two cases. 

 

We first present the case with the parallel barriers in front of a façade surface discussed 

in Chapter 3. We denote it as case I to avoid confusion. The three terms of contribution 

I) (casePrimary P , I) (case E1 Secondary,P  and I) (case E2 Secondary,P  are determined respectively by, 
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The case with the parallel barriers along a street canyon discussed in Chapter 4 is denoted 

as case II. The three terms of contribution II) (casePrimary P , II) (case E1 Secondary,P  and 

II) (case E2 Secondary,P  are calculated respectively by, 
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Figure A.1 Illustration of the secondary contribution from image source 0I . The lines connecting 0I  

with the illuminated receivers should have no intersection with the line from ( )0 ,0 ,1L  to 
( )HL  ,0 ,1  and the line from ( )0 ,0 ,1 WL +  to ( )HWL  ,0 ,1 + . 
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Figure A.2 Illustration of the  secondary contribution from image source 0I . The lines connecting 0I  

with the illuminated receivers should have no intersection with the line from ( )HL − ,0 ,1  
to ( )HL  ,0 ,1  and the line from ( )HWL −+  ,0 ,1  to ( )HWL  ,0 ,1 + . 
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Figure A.3 Illustration of the  secondary contribution from image sources )(

B1
1nI , where L,3,2,11 =n . 

The lines connecting )(
B1

1nI  with the illuminated receivers should have an intersection with 
the line from ( )0 ,0 ,1L  to ( )HL  ,0 ,1  and have no intersection with the line from 
( )0 ,0 ,1 WL +  to ( )HWL  ,0 ,1 + . 
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Figure A.4 Illustration of secondary the contribution from image sources )(

B1
1nI , where L,3,2,11 =n . 

The lines connecting )(
B1

1nI  with the illuminated receivers should have no intersection with 
the line from ( )HL − ,0 ,1  to ( )HL  ,0 ,1  and have an intersection with the line from 
( )HWL −+  ,0 ,1  to ( )HWL  ,0 ,1 + . 
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Figure A.5 Illustration of the secondary contribution from image sources )(

B2
1nI , where L,3,2,11 =n . 

The lines connecting )(
B2

1nI  with the illuminated receivers should have no intersection with 
the line from ( )0 ,0 ,1L  to ( )HL  ,0 ,1  and have an intersection with the line from 
( )0 ,0 ,1 WL +  to ( )HWL  ,0 ,1 + . 
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Figure A.6 Illustration of the secondary contribution from image sources )(

B2
1nI , where L,3,2,11 =n . 

The lines connecting )(
B2

1nI  with the illuminated receivers should have no intersection with 
the line from ( )HL − ,0 ,1  to ( )HL  ,0 ,1  and have an intersection with the line from 
( )HWL −+  ,0 ,1  to ( )HWL  ,0 ,1 + . 
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Figure A.7 Illustration of the secondary contribution from image sources )(

F1
2nI , where L,3,2,12 =n . 

For image sources )(
F1

2nI  with odd order 2n , the lines connecting )(
F1

2nI  with the illuminated 
receivers should have no intersection with the line from ( )( )0 ,0 ,2

F2-F1-E1
nx  to ( )( )Hx n  ,0 ,2

F2-F1-E1 . 
For image sources )(

F1
2nI  with even order 2n , the lines connecting )(

F1
2nI  with the 

illuminated receivers should have no intersection with the line from ( )( )0 ,0 ,2
F1F2-E2-

nx  to 
( )( )Hx n  ,0 ,2

F1F2-E2- . 
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Figure A.8 Illustration of the secondary contribution from image sources )(

F1
2nI , where L,3,2,12 =n . 

For image sources )(
F1

2nI  with odd order 2n , the lines connecting )(
F1

2nI  with the illuminated 

receivers should have no intersection with the line from ( )( )Hx n − ,0 ,2
F2-F1-E1  to ( )( )Hx n  ,0 ,2

F2-F1-E1 . 
For image sources )(

F1
2nI  with even order 2n , the lines connecting )(

F1
2nI  with the 

illuminated receivers should have no intersection with the line from ( )( )Hx n − ,0 ,2
F1F2-E2-  to 

( )( )Hx n  ,0 ,2
F1F2-E2- . 
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Figure A.9 Illustration of the secondary contribution from image sources )(

F2
2nI , where L,3,2,12 =n . 

For image sources )(
F2

2nI  with odd order 2n , the lines connecting )(
F2

2nI  with the illuminated 
receivers should have no intersection with the line from ( )( )0 ,0 ,2

F1-F2-E2
nx  to ( )( )Hx n  ,0 ,2

F1-F2-E2 . 
For image sources )(

F2
2nI  with even order 2n , the lines connecting )(

F2
2nI  with the 

illuminated receivers should have no intersection with the line from ( )( )0 ,0 ,2
F2-F1-E1

nx  to 
( )( )Hx n  ,0 ,2

F2-F1-E1 . 
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Figure A.10 Illustration of the secondary contribution from image sources )(

F2
2nI , where L,3,2,12 =n . 

For image sources )(
F2

2nI  with odd order 2n , the lines connecting )(
F2

2nI  with the illuminated 

receivers should have no intersection with the line from ( )( )Hx n − ,0 ,2
F1-F2-E2  to ( )( )Hx n  ,0 ,2

F1-F2-E2 . 
For image sources )(

F2
2nI  with even order 2n , the lines connecting )(

F2
2nI  with the 

illuminated receivers should have no intersection with the line from ( )( )Hx n − ,0 ,2
F2-F1-E1  to 

( )( )Hx n  ,0 ,2
F2-F1-E1 . 
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Figure A.11 Illustration of the secondary contribution from image sources ),(

F1-F2-B1
21 nnI , where 

L,3,2,11 =n  and L,3,2,12 =n . The lines connecting ),(
F1-F2-B1

21 nnI  with the illuminated 
receivers should have an intersection with the line from ( )( )0,0,2

F1-F2-E1
nx  to ( )( )Hx n ,0,2

F1-F2-E1  
and have an intersection with the line from ( )( )0,0,2

F1-F2-E2
nx  to ( )( )Hx n ,0,2

F1-F2-E2 . 
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Figure A.12 Illustration of the secondary contribution from image sources ),(

F1-F2-B1
21 nnI , where 

L,3,2,11 =n  and L,3,2,12 =n . The lines connecting ),(
F1-F2-B1

21 nnI  with the illuminated 

receivers should have no intersection with the line from ( )( )Hx n −,0,2
F1-F2-E1  to 

( )( )Hx n ,0,2
F1-F2-E1  and have an intersection with the line from ( )( )Hx n ,0,2

F1-F2-E2  to 
( )( )Hx n ,0,2

F1-F2-E2 . 
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Figure A.13 Illustration of the secondary contribution from image sources ),(

F2-F1-B2
21 nnI , where 

L,3,2,11 =n  and L,3,2,12 =n . The lines connecting ),(
F2-F1-B2

21 nnI  with the illuminated 
receivers should have no intersection with the line from ( )( )0,0,2

F2-F1-E1
nx  to ( )( )Hx n ,0,2

F2-F1-E1  
and have an intersection with the line from ( )( )0,0,2

F2-F1-E2
nx  to ( )( )Hx n ,0,2

F2-F1-E2 . 
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Figure A.14 Illustration of the secondary contribution from image sources ),(

F2-F1-B2
21 nnI , where 

L,3,2,11 =n  and L,3,2,12 =n . The lines connecting ),(
F2-F1-B2

21 nnI  with the illuminated 
receivers should have no intersection with the line from ( )( )Hx n −,0,2

F2-F1-E1  to 
( )( )Hx n ,0,2

F2-F1-E1  and have an intersection with the line from ( )( )Hx n −,0,2
F2-F1-E2  to 

( )( )Hx n ,0,2
F2-F1-E2 . 
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Figure A.15 Illustration of the secondary contribution from image sources 0E1 . The lines connecting 

the illuminated receivers with 0E1  should have no intersection with the line from 
( )HWL ,0,1 +  to ( )0,0,1 WL + . 
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Figure A.16 Illustration of the secondary contribution from image sources 0E1 . The lines connecting 

the illuminated receivers with 0E1  should have no intersection with the line from 
( )HWL ,0,1 +  to ( )HWL −+ ,0,1 . 
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Figure A.17 Illustration of the secondary contribution from image edges )(

B11-F1
1qE1 , where 

L,3,2,11 =q . Receivers having a height lower than H  and located between the façade 
surface F1Γ  and the barrier B1 should be illuminated by all )(

B11-F1
1qE1 . Especially for 

)1(
B11-F1E1 , receivers located higher than H  are also illuminated. 
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Figure A.18 Illustration of the secondary contribution from image sources )(

B11-F1
1qE1 , where 

L,3,2,11 =q . For the )(
B11-F1

1qE1  with odd 1q , the lines connecting the illuminated 

receivers with )(
B11-F1

1qE1  should have an intersection with the line from ( )HL −− ,0,1  to 
( )HL ,0,1−  and have no intersection with the line from ( )HL −,0,1  to ( )HL ,0,1 . For 
the )(

B11-F1
1qE1  with even 1q , the lines connecting the illuminated receivers with )(

B11-F1
1qE1  

should have an intersection with the line from ( )HL −,0,1  to ( )HL ,0,1 .  
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Figure A.19 Illustration of the secondary contribution from image sources )(

B12-B21
1qE1 , where 

L,3,2,11 =q . The illuminated receivers should be located between the two barriers B1 
and B2 and have a height lower than H . 
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Figure A.20 Illustration of the secondary contribution from image sources )(

B12-B21
1qE1 , where 

L,3,2,11 =q . For the )(
B12-B21

1qE1  with odd 1q , the lines connecting the illuminated 

receivers with )(
B12-B21

1qE1  should have no intersection with the line from ( )HL −,0,1  to 
( )HL ,0,1  and have an intersection with the line from ( )HWL −+ ,0,1  to 
( )HWL ,0,1 + . For the )(

B12-B21
1qE1  with even 1q , the lines connecting the illuminated 

receivers with )(
B12-B21

1qE1  should have an intersection with the line from ( )HL −,0,1  
to ( )HL ,0,1  and have no intersection with the line from ( )HWL −+ ,0,1  to 
( )HWL ,0,1 + . 
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Figure A.21 Illustration of the secondary contribution from image sources )(

F2-F1
2qE1 , where 

L,4,3,22 =q . Note that 2q  starts from 2 as )1(
F2-F1E1  is already considered as )1(

B11-F1E1 . For 
all )(

F2-F1
2qE1 , the illuminated receivers should have a height higher than H . 
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Figure A.22 Illustration of the secondary contribution from image sources )(

F2-F1
2qE1 , where 

L,4,3,22 =q . Note that 2q  starts from 2 as )1(
F2-F1E1  is already considered as )1(

B11-F1E1 . The 
lines connecting the illuminated receivers with )(

F2-F1
2qE1  should have no intersection with 

the line from ( )Hx q −− ,0,)1(
F1-F2-E1

2  to ( )Hx q ,0,)1(
F1-F2-E1

2 − . 
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Figure A.23 Illustration of the secondary contribution from image sources )(

F1-F2
2qE1 , where 

L,3,2,12 =q . The illuminated receivers should have a height higher than H . 
 
 

(0,0,0)

Illuminated zone of )(
F1-F2

2qE1  

)2(
F1-F2E1  )3(

F1-F2E1  

Façade Surface F1 

Façade Surface F2 

Ground Surfaces G1, G2, and G3 

Barriers B1 and B2 

)4(
F1-F2E1  )1(

F1-F2E1



Image Source Modeling for Parallel Barriers 

 
Appendix 199 

 
Figure A.24 Illustration of the secondary contribution from image sources )(

F1-F2
2qE1 , where 

L,3,2,12 =q . The lines connecting the illuminated receivers with )(
F1-F2

2qE1  should have 

no intersection with the line from ( )Hx q −,0,)(
F1-F2-E2

2  to ( )Hx q ,0,)(
F1-F2-E2

2 . 
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Figure A.25 Illustration of the secondary contribution from image sources ),(

F2-F1-B12-B21
21 qqE1 , where 

L,5,3,12 =q  and L,3,2,12 =q . The lines connecting the illuminated receivers with 
),(

F2-F1-B12-B21
21 qqE1  should have no intersection with the line from ( )Hx q −,0,)(

F2-F1-E1
2  to 

( )Hx q ,0,)(
F2-F1-E1

2  and have an intersection with the line from ( )Hx q −,0,)(
F2-F1-E2

2  to 
( )Hx q ,0,)(

F2-F1-E2
2 . 
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Figure A.26 Illustration of the secondary contribution from image sources ),(

F1-F2-B12-B21
21 qqE1  where 

L,6,4,21 =q  and L,3,2,12 =q . The lines connecting the illuminated receivers with 
),(

F1-F2-B12-B21
21 qqE1  should have an intersection with the line from ( )Hx q −,0,)(

F1-F2-E1
2  to 

( )Hx q ,0,)(
F1-F2-E1

2  and have no intersection with the line from ( )Hx q −,0,)(
F1-F2-E2

2  to 
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2 . 
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Figure A.27 Illustration of the secondary contribution from image sources ),(
F1-F2-B11-F1

21 qqE1 , where 

L,7,5,31 =q  and L,3,2,12 =q . Note that 1q  starts from 3 as ( )21
F1-F2-B11-F1

,qE1  is already 

considered as ( )1
F2-F1

2 +qE1 . The lines connecting the illuminated receivers with ),(
F1-F2-B11-F1

21 qqE1  

should have no intersection with the line from ( )( )Hx q −,0,2
F1-F2-E1  to ( )( )Hx q ,0,2

F1-F2-E1  and 
have an intersection with the line from ( )Hx q −+ ,0,)1(

F2-F1-E1
2  to ( )Hx q ,0,)1(

F2-F1-E1
2 + . 
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Figure A.28 Illustration of the secondary contribution from image source 0E2 . The lines connecting 

0Ε2  and the illuminated receivers should have no intersection with the line from 
( )0 ,0 ,1L  to ( )HL  ,0 ,1 . 
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Figure A.29 Illustration of the secondary contribution from image source 0E2 . The lines connecting 

0E2  and the illuminated receivers should have no intersection with the line from 
( )HL − ,0 ,1  to ( )HL  ,0 ,1 . 
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Figure A.30 Illustration of the secondary contribution from image sources )(

B22-F2
1qE2 , where 

L,3,2,11 =q . Receivers having a height lower than H and located between the façade 
surface F2Γ  and the barrier B2 should be illuminated by all )(

B22-F2
1qE2 . Especially for 

)1(
B22-F2E2 , receivers located higher than H are also illuminated. 
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Figure A.31 Illustration of the secondary contribution from image sources )(

B22-F2
1qE2 , where 

L,3,2,11 =q . For image sources )(
B22-F2

1qE2  with odd order 1q , the lines connecting the 

illuminated receivers with )(
B22-F2

1qE2  should have an intersection with the line from 
( )HLL −+ ,0,2  to ( )HLL ,0,2+  and have no intersection with the line from 
( )HWL −+ ,0,1  to ( )HWL ,0,1 + . For the )(

B22-F2
1qE2  with even 1q , the lines connecting 

the illuminated receivers with )(
B22-F2

1qE2  should have an intersection with the line from 
( )HWL −+ ,0,1  to ( )HWL ,0,1 + . 
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Figure A.32 Illustration of the secondary contribution from image sources )(

B21-B12
1qE2 , where 

L,3,2,11 =q . The illuminated receivers should be located between the two barriers B1 
and B2 and have a height lower than H . 
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Figure A.33 Illustration of the secondary contribution from image sources )(

B21-B12
1qE2 , where 

L,3,2,11 =q . For the )(
B21-B12

1qE2  with odd 1q , the lines connecting the illuminated 

receivers with )(
B21-B12

1qE2  should have an intersection with the line from ( )HL −,0,1  to 
( )HL ,0,1  and have no intersection with the line from ( )HWL −+ ,0,1  to 
( )HWL ,0,1 + . For the )(

B21-B12
1qE2  with even 1q , the lines connecting the illuminated 

receivers with )(
B21-B12

1qE2  should have no intersection with the line from ( )HL −,0,1  
to ( )HL ,0,1  and have an intersection with the line from ( )HWL −+ ,0,1  to 
( )HWL ,0,1 + . 
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Figure A.34 Illustration of the secondary contribution from image sources )(

F2-F1
2qE2 , where 

L,3,2,12 =q . The illuminated receivers should have a height higher than H . 
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Figure A.35 Illustration of the secondary contribution from image sources )(

F21F
2q
−E2 , where 

L,3,2,12 =q . The lines connecting the illuminated receivers with )(
F21F

2q
−E2  should have 

no intersection with the line from ( )Hx q −,0,)(
F2-F1-E1

2  to ( )Hx q ,0,)(
F2-F1-E1

2 . 
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Figure A.36 Illustration of the secondary contribution from image sources )(

F1-F2
2qE2 , where 

L,4,3,22 =q . The starting number of reflection is 2 to avoid duplication with )1(
B22F2-E2 . 

The illuminated receiver should have a height higher than H . 
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Figure A.37 Illustration of the secondary contribution from image sources )(

F1-F2
2qE2 , where 

L,4,3,22 =q . The starting number of reflection is 2 to avoid duplication with )1(
B22-F2E2 . 

The lines connecting the illuminated receivers with )(
F1-F2

2qE2  should have no intersection 

with the line connecting ( )Hx q −− ,0,)1(
F2-F1-E2

2  and ( )Hx q ,0,)1(
F2-F1-E2

2 − . 
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Figure A.38 Illustration of the secondary contribution from image sources ),(

F2-F1-B21-B12
21 qqE2 , where 

L,6,4,21 =q  and L,3,2,12 =q . The lines connecting the illuminated receivers with 
),(

F2-F1-B21-B12
21 qqE2  should have no intersection with the line from ( )Hx q −,0,)(

F2-F1-E1
2  to 

( )Hx q ,0,)(
F2-F1-E1

2  and have an intersection with the line from ( )Hx q −,0,)(
F2-F1-E2

2  to 
( )Hx q ,0,)(

F2-F1-E2
2 . 
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Figure A.39 Illustration of the secondary contribution from image sources ),(

F1-F2-B21-B12
21 qqE2  where 

L,5,3,11 =q  and L,3,2,12 =q . The lines connecting the illuminated receivers with 
),(

F1-F2-B21-B12
21 qqE2  should have an intersection with the line from ( )Hx q −,0,)(

F1-F2-E1
2  to 

( )Hx q ,0,)(
F1-F2-E1

2  and have no intersection with the line from ( )Hx q −,0,)(
F1-F2-E2

2  to 
( )Hx q ,0,)(

F1-F2-E2
2 . 
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Figure A.40 Illustration of the secondary contribution from image sources ),(

F2-F1-B22-F2
21 qqE2 , where 

L,7,5,31 =q  and L,3,2,12 =q . Note that 1q  starts from 3 as ),1(
F2-F1-B22-F2

2qE2  is already 

considered as )1(
B22F2-

2+qE2 . The lines connecting the illuminated receivers with ),(
F2-F1-B22-F2

21 qqE2  

should have no intersection with the line from ( )Hx q −,0,)(
F2-F1-E2

2  to ( )Hx q ,0,)(
F2-F1-E2

2  and 
have an intersection with the line from ( )Hx q −+ ,0,)1(

F1-F2-E2
2  to ( )Hx q ,0,)1(

F1-F2-E2
2 + . 
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