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IMAGING VOLUMES WITH ARBITRARY 
GEOMETRIES IN CONTACT AND NON-CONTACT 

TOMOGRAPHY 

RELATED APPLICATIONS 

[0001] This application is a continuation of International 
Application No. PCT/US03/17558, Which designated the 
United States and Was ?led on Jun. 4, 2003, published in 
English, Which claims the bene?t of US. Provisional Appli 
cation No. 60/385,931, ?led on Jun. 4, 2002. The entire 
teachings of the above applications are incorporated herein 
by reference. 

BACKGROUND OF THE INVENTION 

[0002] Optical imaging is an evolving clinical imaging 
modality that uses penetrating lights rays to create images of 
both intrinsic and extrinsic biological scatterers. Light offers 
unique contrast mechanisms that can be based on absorp 
tion, e.g., probing of hemoglobin concentration or blood 
saturation, and/or ?uorescence, e.g., probing for Weak auto 
?uorescence, or exogenously administered ?uorescent 
probes (Neri et al., Nat. Biotech. 15:1271-1275, 1997; 
Ballou et al., Cancer Immunol. Immunother 41:257-63, 
1995; and Weissleder, et al., Nat. Biotech. 17:375-178, 
1999). Preferably, light in the red and near infrared range 
(600-1200 nm) is used to maximiZe tissue penetration and 
minimiZe absorption from natural biological absorbers such 
as hemoglobin and Water. (Wyatt, Phil. Trans. R. Soc. 
L0na'0nB 352:701-706, 1997; Tromberg, et al., Phil. Trans. 
R. Soc. London B 352:661-667, 1997). 

[0003] Diffuse optical tomography (DOT) is one type of 
optical tomography that has been used for quantitative, 
three-dimensional imaging of biological tissue, based on 
intrinsic absorption and scattering. (NtZiachristos et al., 
Proc. Natl. Acad. Sci. USA, 97:2767-72, 2000; Benaron et 
al., J. Cerebral Blood Flow Metabol. 201469-77, 2000) A 
typical DOT imaging system uses narroW-band light sources 
so that speci?c extrinsic and/or intrinsic ?uorophores are 
targeted. Light, customarily generated by laser diodes, is 
usually directed to and from the target tissue using ?ber 
guides, since (1) it enables ?exibility in the geometrical 
set-up used, (2) reduces signal loss, and (3) simpli?es the 
theoretical modeling of contact measurements. The use of 
?ber guides, hoWever, has signi?cant disadvantages. The 
most signi?cant is that only a limited number of detector 
channels can be implemented since scaling up requires a 
large number of ?bers (usually ?ber bundles) that have to be 
coupled to the tissue, Which in many cases is not practical. 
In addition, it is also very dif?cult to control or measure the 
exact coupling conditions of each individual ?ber or ?ber 
bundle, Which can vary quite signi?cantly from ?ber to ?ber. 
An alternative to ?bers is to use a compression plate and/or 
an optical matching ?uid. For example, it is common to 
compress the tissue of investigation into a ?xed geometry 
such as a slab or circle and to use an optical matching ?uid 
to eliminate possible air-tissue interfaces. In either case, the 
use of ?ber guides and/or optical matching ?uids and ?xed 
geometries impedes the experimental practicality and 
severely limits the tomographic capacity of the imaging 
system. These constraints result in signi?cant limitations to 
the use of these systems either in research or in the clinic. To 
date, non-contact systems and methods for tomography of 

Dec. 22, 2005 

biological tissue and other diffuse and diffuse-like medium 
With arbitrary boundaries have not been developed or 
reported. 
[0004] Currently, optical tomography utiliZes either 
numerical or analytical methods for solving the equations 
governing propagation of light through biological tissue. 
Numerical methods, such as the ?nite element method 
(FEM), ?nite differences (FD) or the boundary element 
method (BEM), are used for complex geometries of air/ 
tissue boundaries and are extremely computationally costly 
and therefore are currently non-viable in a real-time three 
dimensional research and clinical setting. (For example, 
reported numerical-based reconstruction times for a simu 
lated typical 3D breast-imaging problem on state of the art 
single processor computers range from 6 to 36 -hours.) 
Analytical methods are much faster (for example, an ana 
lytical-based 3D reconstruction case of the breast ranges 
betWeen 2-15 minutes), but are available only for simple 
geometries of air/tissue boundary such as a slab, a cylinder 
or a sphere, and often lack adequate accuracy for imaging 
complex objects such as a human breast. 

[0005] An alternative method to perform tomography of 
diffuse or diffuse-like medium With complex geometries is 
by means of an analytical approach called the Kirchhoff 
Approximation This method uses the angular spec 
trum representation of the propagating average intensity and 
employs the re?ection coef?cients for light Waves to calcu 
late the light intensity inside any arbitrary geometry. 
Although in contact imaging applications the KA can 
achieve relatively good computational ef?ciency (Ripoll et 
al., Opt. Lett. 27:333-335, 2002), it has several signi?cant 
limitations that Would restrict its use in real research and 
clinical settings. Speci?cally, the KA is limited to geom 
etries such as a cylinder or ellipse, i.e. geometries that do not 
include shadoW regions. Furthermore, the KA method gen 
erally Works for larger volumes (e.g., diameters >3 cm), and 
for highly absorbing medium (e.g., typically the absorption 
coef?cient must be 10-100 times higher than that of Water). 

SUMMARY OF THE INVENTION 

[0006] There is a need for fast computational methods for 
real-time optical tomographic diagnostics and other research 
and clinical uses that can deal With arbitrary siZes, shapes 
and boundaries that (1) attain the computational simplicity 
and ef?ciency of analytical methods While (2) retaining the 
accuracy and capacity of numerical methods to model 
arbitrary shapes and boundaries, and (3) can be applied both 
to contact and non-contact measurements of diffuse and 
diffuse-like medium. 

[0007] The invention is directed to an imaging system and 
a method for imaging volumes or subjects containing inter 
faces such as diffuse and non-diffuse tissue interfaces or 
other interfaces using analytical methods. 

[0008] In one embodiment, the present invention is a 
method for tomographic imaging of diffuse medium com 
prising directing Waves into a medium having a boundary S, 
detecting an intensity of Waves emitted from the medium by 
using contact or non-contact measurements of Waves outside 
the medium, and processing the detected intensity to gen 
erate a tomographic image. 

[0009] In another embodiment, the present invention is a 
method of obtaining a tomographic image of a target region 
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Within an object, the method comprising directing light 
Waves from multiple points into an object, detecting light 
Waves emitted from multiple points from the object, Wherein 
the light is emitted from an intrinsic absorber, ?uorochrome, 
or scatterer, processing the detected light by representing the 
contribution of each Wave into the detected intensity as a 
sum of an arbitrary number N of terms in a series and 
Wherein each term in the series is an intensity of a Wave 
re?ected from an arbitrary surface Within or outside a 
diffusive medium, and forming a tomographic image that 
corresponds to a three-dimensional target region Within said 
object and to a quantity of intrinsic absorber, ?uorochrome, 
or scatterer in the target region. 

[0010] In another embodiment, the present invention is a 
method of obtaining a tomographic image of a target region 
Within an object comprising administering to an object a 
?uorescent imaging probe, directing light Waves from mul 
tiple points into the object, detecting ?uorescent light emit 
ted from multiple points from the object, processing the 
detected light by representing the contribution of each Wave 
into the detected intensity as a sum of an arbitrary number 
N of terms in a series and Wherein each term in the series is 
an intensity of a Wave re?ected from an arbitrary surface 
Within or outside a diffusive medium, and forming a tomo 
graphic image that corresponds to a three-dimensional target 
region Within the object and to a quantity of ?uorescent 
imaging probe in the target region. 

[0011] In another embodiment, the present invention is a 
tomographic imaging system comprising a Wave source 
block to direct Waves into an object, a Wave detector block 
to detect the intensity of Waves emitted from the object and 
to convert the intensity of the Waves into a digital signal 
representing Waves emitted from the object, a processor to 
control the detector block and, optionally, the source block 
and to process the digital signal representing Waves emitted 
from the object into a tomographic image on an output 
device, Wherein the processor is programmed to process the 
digital signal by representing the contribution of each Wave 
into the detected intensity as a sum of an arbitrary integer 
number N of terms in a series and Wherein each term in the 
series is an intensity of a Wave re?ected from an arbitrary 
surface Within or outside a medium. 

[0012] In another embodiment, the present invention is an 
apparatus comprising machine eXecutable code for a method 
of tomographic imaging of medium including directing 
Waves into a medium having a boundary S, detecting an 
intensity of Waves emitted from the medium by using 
contact or non-contact measurements of Waves outside the 

medium, processing the detected intensity to generate a 
tomographic image by representing the contribution of each 
Wave into the detected intensity as a sum of an arbitrary 
integer number N of terms in a series and Wherein each term 
in the series is an intensity of a Wave re?ected from an 
arbitrary surface Within or outside the medium. 

[0013] The approach described herein provide several 
advantages over the existing art, including (1) the ability to 
image volumes With 2D or 3D geometries of arbitrary siZe, 
shape and boundaries using fast and accurate analytical 
methods, and (2) the application of these neW methods for 
both contact and non-contact tomography of diffuse and 
diffuse-like medium. These neW imaging methods can have 
broad applications in a Wide variety of areas in research and 
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clinical imaging. Importantly, these methods signi?cantly 
improve eXisting tomographic imaging techniques and make 
possible the use of these imaging techniques in real-time 
animal and human subject imaging and clinical medical 
diagnostics by alloWing the implementation of practical 
systems With unprecedented capacity for data collection. 

[0014] Furthermore, the approach described herein can be 
applied both to contact and non-contact measurements, as 
Well as for any diffuse and non-diffuse interfaces as related 
to tomography, including optical tomography, ?uorescence 
mediated tomography, near-?eld optical tomography, 
tomography With thermal Waves and generally any surface 
bounded inversion problems of tissues and other diffuse or 
diffuse-like medium. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The foregoing and other objects, features and 
advantages of the invention Will be apparent from the 
folloWing more particular description of preferred embodi 
ments of the invention, as illustrated in the accompanying 
draWings. The draWings are not necessarily to scale, empha 
sis instead being placed upon illustrating the principles of 
the invention. 

[0016] FIG. 1 is a block-diagram of a preferred embodi 
ment of a system of the present invention. 

[0017] FIG. 2 shoWs a surface-bounded volume of arbi 
trary geometry. An optically diffuse volume V is surrounded 
by a boundary surface S of arbitrary tWo-dimensional or 
three-dimensional shape. The volume is illuminated at posi 
tion r source‘ 

[0018] FIG. 3 (a) shoWs a vector representation at the 
surface detail as described by the KA method. 

[0019] FIG. 3 (b) shoWs KA representation in the coor 
dinates of the tangent plane. 

[0020] FIG. 4 is a plot of computation time of the KA 
method versus an eXact solution using more rigorous meth 
ods. 

[0021] FIG. 5 (a)-(a) demonstrates the shadoW effect for 
the KA method and for the in?nite case for a cylinder. 

[0022] FIG. 6 (a) and (b) are plots depicting error in the 
KA vs. absorption coe?icient for different radii and scatter 
ing coe?icients for a smooth cylinder With no shadoWing 
effect. 

[0023] FIG. 7 is a plot shoWing computation times 
achieved With the KA and DRBM method for different 
N-orders. 

[0024] FIG. 8 is a plot shoWing computation time 
achieved With acceleration of the DRBM. 

[0025] FIG. 9 depicts reconstruction of the simulated 
geometry in (a) using the ET method, (b) the 2nd order 
DRBM for eXact geometry, (c) 2nd order DRBM for an 
approximate boundary indicated by the ellipsoid solid line 
and (d) transmittance geometry using the eXpression of a 
slab. 

[0026] FIG. 10 depicts reconstruction of simulated geom 
etry in FIG. 9(a) using the KA method for the eXact 
geometry. The image demonstrates the inefficiency of the 
KA method to image small dimensions. 
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[0027] FIG. 11 is a schematic of a geometrical scheme 
assumed for non-contact measurements from diffusive 
medium. 

[0028] FIGS. 12A-12C is a How diagram depicting the 
operation of a tomographic imaging system implementing 
the method of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0029] The purpose of optical tomography is to recover 
the optical properties, location, and shape of objects buried 
deep inside a speci?c volume by solving equations that 
describe light propagation through diffuse medium, such as 
biological tissue. As used herein, the terms “diffuse 
medium” or “diffusive medium” are used interchangeably 
and are de?ned to mean media Where Waves suffer multiple 
scattering events With small particles (the scatterers) Within 
an otherWise homogeneous medium, randomiZing their 
phase; in this case it is the average Wave intensity that is 
studied. The average Wave intensity Will folloW the diffusion 
equation, behaving in itself as a “diffuse Wave” and inter 
acting With surfaces and boundaries. The terms “non-diffuse 
medium” or “non-diffusive medium” are used interchange 
ably and are de?ned to mean media Where Waves do not 
suffer multiple scattering events With scatterers Within the 
medium and maintain their phase; Within these media, 
Waves Will interact and suffer multiple scattering events With 
surfaces and boundaries. Analytical solutions are available 
only for a small number of simple geometries of the air/ 
tissue boundaries, such as cylinders, spheres, and slabs. Due 
to the lack of an appropriate theoretical method for more 
complex boundaries, numerical methods need to be used. 
Numerical methods offer practical simplicity but also sig 
ni?cant computational burden, especially When large three 
dimensional reconstructions are involved. Such methods 
include the ?nite element method (FEM), ?nite differences 
(FD), and the extinction theorem (ET) or Boundary Element 
Method (BEM). 

[0030] Generally, optical tomographic analysis is divided 
into tWo steps. The ?rst step is solving the “forWard prob 
lem,” in Which a solution of the Wave transport or “diffu 
sion” equation, is used to describe the Wave propagation 
through a medium With assumed optical or other Wave 
transmitting properties, e.g., tissue, and is used to predict the 
intensity of light detected emerging from this medium. In a 
preferred embodiment, the “diffusion equation” is 

[0031] Where D is the diffusion coef?cient Which may be 
time, frequency, absorption, scattering and/or spatially-de 
pendent, c is the speed of light in the medium, U is the 
average intensity or the energy density, pa is the absorption 
coef?cient, and S is the source function Which represents the 
intensity and ?ux distribution Within the medium. As used 
herein, the terms “average intensity” and “energy density” 
can be used interchangeably, as can be the terms “?ux” and 
“?uence”. The second step is solving the “inverse problem,” 
in Which the optical or other Wave-transmitting properties of 
the medium are updated to minimiZe the errors observed 
betWeen the predicted and measured ?elds. 
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[0032] There are several Ways to solve the forWard prob 
lem (by obtaining analytical and numerical solutions of the 
diffusion equation) and inverse problem (direct inversion, 
XZ-based ?ts, and algebraic reconstruction techniques). 

[0033] An embodiment of the invention is a tomographic 
imaging system 2 depicted in FIG. 1. The tomographic 
imaging system includes a Wave source block 4 to direct 
Waves into an object; a Wave detector block 6 to detect the 
intensity of Waves emitted from the object and to convert the 
intensity of the Waves into a digital signal representing 
Waves emitted from the object; and a processor 8 to control 
the detector block and, optionally, the source block and to 
process the digital signal representing Waves emitted from 
the object into a tomographic image on an output device. 
The processor is programmed to process the digital signal by 
representing the contribution of each Wave into the detected 
intensity as a sum of an arbitrary integer number N of terms 
in a series and Wherein each term in the series is an intensity 
of a Wave re?ected from an arbitrary surface Within or 
outside the medium. 

[0034] In another embodiment, the present invention is an 
apparatus comprising machine executable code for a method 
of tomographic imaging of medium including the steps of 
directing Waves into a medium having a boundary S; detect 
ing an intensity of Waves emitted from the medium by using 
contact or non-contact measurements of Waves outside the 

medium; and processing the detected intensity to generate a 
tomographic image by representing the contribution of each 
Wave into the detected intensity as a sum of an arbitrary 
integer number N of terms in a series and Wherein each term 
in the series is an intensity of a Wave re?ected from an 
arbitrary surface Within or outside the medium. 

[0035] Without being limited to any particular theory, it is 
believed that the physical foundation of the method of the 
present invention is as set forth beloW. 

[0036] Green’s Function 

[0037] FIG. 2 illustrates a general imaging model Where 
there is a diffusive volume V delimited by surface S, Which 
can be imaged. This diffusive medium is characteriZed by its 
absorption coef?cient ya, the diffusion coef?cient D, and the 
refractive index nin and is surrounded by a non-diffusive 
medium of refractive index nout. Generally, any time-depen 
dent ?uctuation of the average intensity U at any point in 
space r can be expressed in terms of its frequency compo 
nents through its Fourier transform as: 

[0038] If in such a medium the light source is modulated 
at a single frequency w, the average intensity is: 

[0039] Function U(r, t) in Eq. (2) and the functions U(r,u)) 
in Eq. (1) represent diffuse photon density Waves (DPDW) 
(Boas et al, (1995) Phys. Rev. Lett. 75:1855-1858, the entire 
teachings of Which are incorporated herein by reference) and 
obeys the HelmholtZ equation With a Wave number K=(— 
pa|D+iu)/cD)1/2, Where c is the speed of light in the medium. 
The unknoWn function U(r, t) can be obtained if a so-called 
Green function that models light propagation Within the 
medium from a point source to a point detector is knoWn. 
Since all regimes: CW, frequency domain, and time-domain, 
can be expressed in terms of Eq. (1), all expressions Will be 
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derived in the frequency domain Without loss of generality, 
and in most cases a time or frequency dependence Will be 
assumed and not included implicitly. 

[0040] In an in?nite geometry (no air/time boundary), the 
so-called homogenous Green’s function g(r) is obtained by 
solving Eq. (3): 

2 2 4n (3) 
v gm - m) +K gm -rd|> = -56m w). 

[0041] Written here in the frequency domain (omitting 
time- and/or frequency dependent terms). rS is the position of 
the source, rd is the position of the detector, V2 denotes the 
Laplacian operator 

[0042] and 6 (rs-rd) is the Dirac’s delta-function (G. B. 
Ar?ien and H. J. Weber, Mathematical Methods for Physi 
cists (Academic Press, NeW York, 1995). The solution of (3) 
in 3D is given by Eq. (4): 

eXPIIZKIrS — rall (4) 
gm - m) = DIG _ MI 

[0043] Considering the geometry of the problem, a com 
plete Green’s function G(rs, rd) can be de?ned, Which 
models propagation of the diffuse photon Waves from a point 
source to a point detector inside an arbitrarily shaped 
diffusive volume taking into account all boundaries present. 
By means of this complete Green’s function the average 
intensity at a point rd inside the medium is de?ned as: 

[0044] Where S(r‘) is the source term (i.e., the strength of 
the light source at position r‘ given in units of energy 
density), and V is the volume occupied by the diffusive 
medium. 

[0045] In in?nite space the equation is G(rs, rd)=g(K|rS— 
rd|). Preferably, the source and detector are both inside the 
volume V. 

[0046] For a homogeneous diffusive volume limited by 
surface S, i.e., a volume of spatially invariant absorption and 
scattering coef?cients inside S, the solution to Eq. (5) for 
arbitrary geometries of S can be expressed in terms of a 
surface integral by means of Green’s Theorem (Ripoll et al, 
J. Opt. Soc. Am. A 17:1671-1681, 2000 the entire teachings 
of Which are incorporated herein by reference) as: 
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Gm. rd) = gm — ml) — (6) 

l , 6g(l<|r’ — rdI) , 6G0}, r’) , 

5 1G0» F)T —g(l<|r _rd|) 6”, d5 , 

[0047] Where n is the surface normal pointing into the 
non-diffusive medium. The boundary condition betWeen the 
diffusive and non-diffusive medium (Aronson, J. Opt. Soc. 
Am. A 16(5): 1066-1071, 1999; Aronson R, J. Opt. Soc. Am. 
A 12, 2532 1995; Ishimaru A., Wave Propagation and 
Scattering in Random Media, NeW York: IEEE press 1997) 
is: 

[0049] Where CDd is a total re?ectivity of the boundary 
surface S, integrated over all angles, and expressed through 
the Fresnel re?ection coefficients r as: 

2 _ 1640 _ R941 

cnd = T 

[0050] Where 

RUD‘)1=JD1[1_|rD1(1“)|2]M2d/l 
[0051] and Where p=cos 0 for an incidence angle 0, rO1 and 
r1O represent the re?ection coef?cients When the incident 
Wave comes from the inner, diffusive medium having an 
indeX of refraction nin, or outer, non-diffusive medium 
having an indeX of refraction nout, respectively, and are 
de?ned in terms of the parallel and perpendicular polariZa 
tion components as: 

'2 rat-"c050, — nomcosa 

rat-"c050, + nomcosa- ’ 

r _ rat-"c050; — nomcos0, 

“ rat-"c050; + nomcos0, ’ 

[0052] and Where cos 0t is the cosine of the transmitted 
angle, Which is found from Snell’s laW nOut sin 0t=nin sin 0i. 
In Eq. (8) D is the medium’s diffusion coef?cient, Where n 
is the unity vector normal to surface S and pointing into the 
non-diffusive medium, and K, rs, and rd are de?ned above for 
Eq. Eq. (8) is an integral equation that de?nes the 
complete Green function G(rs, rd). Substituting a knoWn 
function G(rs, rd) into Eq. (5) alloWs the average intensity at 
a point rd inside the medium U(rd) to be calculated for a 
given frequency 00, Which, in turn, alloWs the value of the 
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average intensity of light at point r at time t, U(r, t) 
represented by Eq. (1) to be calculated. 

[0053] Kirchhoff Approximation and its Application to 
Solving the ForWard Problem 

[0054] When many solutions to a forward problem need to 
be generated, such as in iterative reconstruction schemes, a 
?rst-order approximation to Eq. (8), applicable to arbitrary 
geometries in 3D is needed, both for the sake of computing 
time and memory. One such approximation applicable to 
arbitrary geometries is the Kirchhoff Approximation (KA), 
sometimes also knoWn as the physical-optics or the tangent 
plane method (Ogilvy, London, IOP publishing, 1991; 
Nieto-Vesperinas, Pergamon, NeW York, 1996 the entire 
teachings of Which are incorporated herein by reference), so 
long as the curvature of the surface under study is larger than 
the Wavelength. The KA therefore only considers ?rst order 
re?ections at an interface decomposed into planar compo 
nents and in the case of a planar surface yields exact 
solutions. 

[0055] For diffusive point sources, the Kirchhoff Approxi 
mation assumes that the surface is replaced at each 
point by its tangent plane. Referring to FIG. 3(a), Where R, 
is the position of the source and rp is an arbitrary point on the 
surface, the total average intensity U at any point rp of the 
surface S is given by the sum of the homogeneous incident 
intensity Uinc and that of the Wave re?ected from the local 
plane of normal n(rp). In terms of the Green’s function this 
is expressed as: 

[0056] Where * denotes convolution: 

gm. rpml +RND<rp>1 = f W -rp)+RND<r’ womb/Mr’ 

[0057] and RND is the re?ection coef?cient for diffusive 
Waves de?ned in Fourier space as (J. Ripoll et al, J. Opt. Soc. 
Am. A 18, 2001): 

icndrh/K2 - K2 +1 (10) 

iCndDVKZ - K2 -1' 

[0058] g(K|rS—rd|) is de?ned by equation (4), K, rs, and rd 
are de?ned above for Eq. (3), CDd is de?ned above for Eq. 
(7) and (8), and K is the spatial variable in the R=(x,y) plane 
in the Fourier domain (spatial frequency): RND(K)=]_C,Q+ 
OQRND(R) exp[iK-R]dR. 

[0059] Taking into consideration the different propagation 
directions of the incident and re?ected Wave With respect to 
the local plane, the gradient of the Green’s function is: 
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[0060] Eqs. (9) and (11) are directly expressed in Fourier 
space as: 

[0061] Where (R, i) are the coordinates of |rs—rp| With 
respect to the plane de?ned by n(rp) as shoWn in FIG. 3 (b), 

R=Z—(rs—rp). (13) 
[0062] In Eq. (12) the Fourier transform of the 3D homo 
geneous Green’s function g is given by (Goodman J W, 
Introduction to Fourier Optics. NeW York: McGraW Hill 

1968): 

[0063] Where vector K is de?ned above for Eq. (10). (It 
should be noted, that a similar expression can be reached for 
diffusive/diffusive interfaces, by means of the corresponding 
re?ection and transmission coef?cients (Ripoll et al., Opt. 
Lett. 24:796-798, 1999)). 
[0064] N-Order Diffuse Re?ection Boundary Method 
(DRBM) 
[0065] In most practical cases a more accurate solution of 
Eq. (8) than the one given by the KA is needed. Thus, this 
invention describes and teaches the use of an iterative 
approach that uses an arbitrary number of multiple re?ec 
tions from the boundary. This approach, called the N-order 
Diffuse Re?ection Boundary Method (DRBM), solves the 
exact integral Eq. (8) by iteratively decomposing each 
re?ecting event into a sum of the series. Each term in a series 
is referred herein as an order of re?ection. The series can be 
truncated When the sum meets convergence criteria de?ned 
beloW. Thus, the DRBM method ?nds the solution of the 
exact surface integral equation Eq. (8) by representing the 
solution as a sum of different orders of re?ection. In this 
manner, one can obtain fast solutions to any degree of 
accuracy by adding orders of re?ection. This approach takes 
into account the shadoWing effect due to the higher re?ection 
orders (i.e., the effect caused at those areas Where the source 
is not directly visible due to the presence of the interface), 
and the high re?ectivities at the interfaces (i.e., high values 
of the re?ection coef?cient Eq. (10) that introduce multiple 
scattering interactions at the boundary) can be modeled up 
to any degree of accuracy. The set of N iterations can be 
performed Without steps of matrix inversion or solving a 
system of equations. Hence, the computation time of the 
DRBM is extremely loW When compared to a rigorous 
numerical method such as the ET or BEM, Whereas the 
accuracy is greatly enhanced compared to the KA. 

[0066] In practice, the number of DRBM orders needed 
may not exceed tWo, due to the fact that DPDWs are highly 
























