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Abstract

Constructing noise maps for large urban areas is a tedious and CPUvattask. Engi-
neering approximations to outdoor sound propagation are commonly ingddacreduce
the computational complexity. In particular, diffuse reflections are oftgiented because of
their great computational expense. This paper reports on an eff@ptoxamate the diffusely
reflected field by using a technique called phonon mapping.

In noise mapping, many techniques can and are adapted from the fielthptiter graphics
where various techniques to approximate indirect lighting exist. A populanigge in com-
puter graphics is photon mapping. It was introduced in 1995 by Jensida lamown as one of
the fastest algorithms for simulating indirect lighting. In this paper, it will beashbow this
photon mapping algorithm can be adapted to the field of noise mapping to simufasedif
reflections.

The phonon mapping algorithm exists of two passes. In the first passnapimap is build
by bouncing phonons, abstract sound patrticles, through the envirbn@®m each interaction
with a (partially) diffusely reflecting surface, it is stored in the phonon nTdge Russian
roulette technigue is used to determine if the phonon is absorbed, specdifusely re-
flected. Upon reflection, the phonon is traced through the environmairt.achis process is
continued until the phonon map is sufficiently populated. The second paesdee traditional
backward ray tracer. Rays are emitted from the receivers. Speefikttions are handled as
usual but for diffuse reflections, no secondary, reflected raysast. Instead, the phonon map
is queried for nearby phonons. Their presence is used to estimate tigy tred is available
from this diffuse reflector.

DEFINITIONS

Directional sound powerD: sound power per unit solid angle. Its units are‘;—‘r’.
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Acoustic radiance£: sound power per unit projected ar@a and per unit solid angléw,
with dA+ = dA cos 6 the projected area af4 on the hypothecial surface orthogonal
to dw. Its units are_y-..

INTRODUCTION

Computational methods to construct noise maps of large areas are tediocenaputational
complex, even when engineering methods are applied. Classic ray/beans {3 4, 6] often
only implement specular reflections using the image sources. Diffuseti@fie@re often
neglected because of their great computational cost and complexitytedspfact that the
diffusely reflected field can be a significant contribution to urban saapss. This paper
reports on an effort to approximate the diffusely reflected field by usiteglanique called
phonon mapping

Phonon mapping belongs to the family of geometrical acoustics, together witbdseth
like ray tracing and beam tracing, making the same high frequency apptiimBhonon
mapping is a particle tracing technique in which packets of acoustic powed pakkaonsare
bounced through the geometrical scene. On diffuse surfaces, inc@imimgns are stored in
aphonon mapLater, this phonon map is used to estimate the incoming power per area which
is used to find the outgoingcoustic radianceC available from this diffuse reflector.

This technique is adopted from the field of computer graphics where it isrkas
photon mappingThe latter is introduced in 1995 by Jensen [8, 9] as an efficient alteertati
radiosity [5] and Monte Carlo ray tracind10] for simulatingglobal illumination

The goal of noise mapping is to determine how much acoustic pbies reaching a
receiver located at. It is an integral of the incoming directional powBrover all directions:

W(r):/ﬂl)(r,w) dw (1)

In geometrical acoustics, this integral is written as the sum over all souhd {heat terminate
atr:

W (r)=> Dy (r,w) 2
k

This sum includes the set of all sound paths from a source to the resg@vany number
of specular or diffuse reflections. It contains an infinite number of dqaths, therefore for
practical applications an approximation of this sum must be made.

A traditional ray or beam tracer can only handle direct paths or paths pébusar
reflections only. The sum of all their contributionsiig;. Such a ray tracer misses all sound
paths that have at least one diffuse reflection. The goal of the phoapper in this paper is
exactly to estimate the subi,; of the contributions of the latter. Finally, both results must be
summed to getV:

W (r) =W (r)+ Wy (r) (3)
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FIRST PASS — PHONON TRACING

Emitting Phonons From A Single Source

A number of phonons is emitted from the source with poweuntil the phonon map is
populated withV,,,, phonons N, is the total number of phonons emitted and is not known
beforehand because some phonons may never end up in the phonaanchaphers may be
stored several times.

All phonons emitted have the same power. This is important for two reasosty F
computational resources are not spent on low power phonons thid wontribute only a
little to the result, and secondly it will reduce the variance of rddiance estimatén the
gathering pass. As a consequence, more phonons must be emitted in olir@dgtio higher
power contribution. For omnidirectional sources, directions of phomoisstonw must be
uniformly distributed over the unit sphere. This can be accomplished bgftraming a sam-
ple (&1, &;) from the uniform distribution ovelio, 1] x [0, 1) using (4).

2 51 (1—51)COS27T€2
w(ﬁl,fg) = 2 51 (1 —51)Sin27r£2 (4)
1—-26

The sum of all phonon powers must equdl so that each phonon will have power
Py, = ﬁ Since Ng,i¢ 1S initially unknown, this can only be assigned after the phonon

tracing pass has ended.

Multiple Sources

In case of multiple sources with powePs, an extra random variablg is used to select the
source emitting the phonon. Each source can be selected with a prob@biﬁiy% with
Pt = > P;. Sources with more power will emit more phonons. The power of eachgrhon
will be Py, = Ftet

emit

Surface Interaction

Sound power incident on a surface in patrwith surface normah is partially reflected back
into the scene. The reflection coefficiesand R, indicate the fraction of the incident sound
power that is respectively specularly and diffusely refl&ted

The sound poweP carried by phonons hitting a surface must thus be reflected. One
way to accomplish this igath splitting several new phonons are emitted carrying the reflected
power: one with the specular reflected pow&tP andn phonons with diffusively reflected
power%RdP. Although this technique is straight forward, it has two major drawbaclssyfir
it results in an exponential growing number of paths to be traced, anddigadbe phonons
in the phonon map will no longer have similar powers increasing the varidrihe cadiance
estimate in the second pass.

1In this paper, the spectral and spatial dependency of Boiind R is not explicitely mentioned in order not
to overload the notation. Neither is the depenpenciobn the incoming anglé. The implementation will take
this into account.
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Instead, another technique call@dssian roulett§l, 11] is used to determine whether
the phonon should be absorbed (discarded) or reflected. A randorhearé is drawn from
the uniform distribution if0, 1). Depending on its value it is determined what should happen
to the phonon:
€ €[0,Ry) — specular reflection
¢ €[Rs,Rs+ Ry) — diffuse reflection (5)
£ €[Rs+ Rq,1) — absorption

In case of diffuse reflection, the new direction is sampled usinghe diffuse part of
the BRDE. If pg is Lambertian, this is a constant and the new direction can be uniformly
sampled from the entire hemisphere around the normading (4).

If pq is sufficiently similar to a Lambertian BRDF, uniform sampling can still be used if
the power of the outgoing phonon is maodified according to theggadtowever, the phonons
will no longer have equal powers, increasing the variance of the regliastimate in the
gathering pass.

Multiple Frequencies

In this paper, the frequency dependency of source powers aedtiefl coefficients are not
explicitely taken into account. It is however a trivial extension to compute WitB) (Octave-
bands. Assume a source with a spectral power distribution given by aerwhbands with
center frequencief, and powers’; ,, with P; = >, P, .

It seems straight forward to emit phonons carrying full spectral inftioneof the
source. However, ifR; and R, are frequency dependent, this complicates the surface in-
teraction. Firstly the Russian roulette assumes scalar ranges in (5), @mtllethe power
spectrum of the phonon will have to be changed by the reflection.

A better solution is to emit single frequency phonons. Similar to selecting oneltf mu
ple sourcesf is selected from the s¢t, with probabilitiesp, = PIQ’Z_’C . This approach simplifies
the roulette and the phonon power remains constant under reflection.

PHONON MAP

In the first pass, each time a phonon hits a surface ®jth- 0, the phonon is stored for build-
ing the phonon map. It is important to do this independently of the outcome ofubsidh
roulette, since the phonon map represents an estimation aicbmingpower flux, not the
outgoing one. Of each phonon, the following attributes are stored: itsrpByygits position
r,, and its incoming directiow,,,.

Once a sufficient numbe¥,,,,, of phonons are stored, the first pass is terminated and
the phonon map is build. A balanced adaptive kd-tree [2, 11] is constrficien all stored
phonons. This is a compact and efficient data-structure that allows tte [tea)/ nearest
phonons to a pointin O (M log Np,q;,) time on average. The storage of this tre@i&V, )

’BRDF (Bidirectional Reflectance Distribution Functipp (r, w;,w,): reflection coefficient as a function of
positionr, incomingw; and outgoing angle,.
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and constructing it takeS (Nyp,qp log Nymap), Which performed only once before the second
pass.

SECOND PASS — GATHERING PASS

In the second pas$l; (r) is evaluated for each receiver. It is estimated by a sufah M
random directionw, choosen from a distribution with probability density functipfw):

Dd (I‘ wk)
Dy (r,w) 6
/ a( i ; p(wk) ©)
If the directions are uniformely distributed over the unit sphere usingliéhp (w) = ﬁ,
and (6) simplifies to:
ir M
Wa(r)~ 5 ;Dd (r,wr) 7)

Dy (r,wy) is computed by casting a ray, wy) in the scene. It intersects the scene in sur-
face pointr’ with surface normah’. D, (r,w;) equals the acoustic radiangg (r/, —wy)
leaving the surface af towards the receiver. It can be evaluated as an integral over the unit
hemispherés aroundn’ of the incoming radiancg€; (r/,w”) and the BRDFp (r/, —wy, w"):

Dd (I‘, wk) = ['o (I'/, —wk) = /Up (I‘/, —wk,w“) ['z (I‘/, u}”) (w// . n) dw// (8)

The BRDF can be splitin a specujarand a diffuse par,. The specular part is only non-zero
for the perfectly reflected direction, and can be evaluated by tracingytte’'rw;, — 2wy, - n’)
and evaluating (9) again at the intersection.

L, (r/, —wk) = R,L; (r’,wk — 2wy, - n/) +/ Pd (r’, —wk,w“) L; (r/,w”) (w" . n/) dw"”
O

(9)
The diffuse term is estimated by querying the phonon map. In the neightmaidfr’, the
n nearest phonon@Pph,rph,wph) are found with||r,;, — /|| < ez @ndn < nypee. The

phonons provide information on incoming power flBx what must be converted to incoming
radiancel;:

dQPi (I'/, w//)
(W"-n') dAdw"

i (r W) = (10)

M
/Upd (I", — Wk, w”) Ez (I'/, w") (w” . n/) dw" ~ % Z Pd (I‘/, —Wk, —wph,j) PphJ' (11)

In case of a Lambertian surface, this simplifies to:
/Upd (r’, —Wp, w") L; (r/,w") (w” . n dw" ~ Z Dh.j (12)

A is the area of the circular neighbourhood in which thphonons are found. If is the
largest distance betweehand any of the: phonons, theml = 772,
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Figure 1: SPL and error in receivargz, 0, z) with zp = 10 m; planez = 0 with R; = 0.95,
Rs = 0; sources (0,0, zg) with P = 0 dB; M = 225, nypae = 20, rmee = 10 M.

Stratified Sampling

When evaluating (6) using directiong generated by (4) witk¢;, &) directly sampled from

A =1[0,1] x [0,1), the spreading of the directions over the full sphere isn’t as good&s on
may think. The samples will tend to cluster causing some directions to have nmapjesa
while others are undersampled.

It is possible to counteract this clustering and reducing the variance arsh# by
usingstratified sampling11]. The idea is to split the sampling spaténto M; x M, equal
strata j, (13), and to take each samplg, §2>jk from a uniform distribution oveA ;.. That
way, the samples are much more evenly spread over the sampling spacerspdhactions

are undersampled.
i j41 Eok+1
A = |- SR e 13
gk [Ml’ M, > % [M2’ M, (13)

APPLICATIONS AND RESULTS

Validation

A source with powerP? = 0 dB is positioned irns (0,0, zp) with zo = 10 m, above a very
large diffuse reflector wittR,; = 0.95 and R, = 0. Using the phonon mapper, integral (6) is
evaluated for receivers in positiongz, 0, zy). As a reference solution, |(7) is evaluated with
a direct solution foD, (r, wy) with M = 80000:

R, P (s—r')-n
7r

Is —x'|f* lIs =]

Dy (r,wi) = Lo (r', —wi) = (14)
Figure 1 shows the sound level and error for two photon mapping simulaimhshe refer-
ence. It can be seen that the photon mapper slightly overestimates theTéngls.due to an
understimation ofd in (11). A is too thightly fit around the phonons.

Variance Statistics

Monte Carlo simulations often suffer from noise or variance on the resoittHe phonon
mapper as described in this paper, this is mainly influenced by the nubildrays casted
in the gathering pass.

The local expected error in each point of the map is estimated as the staesgiation
on the results of different runs of the same simulation with different ranseads, as the
average will converge to the exact solution. Figure 2 shows the resuftsofun and the local
expected error fold = 100. It is clearly seen that the largest errors are expected where the
source is screened by an obstacle, where not much phonons ade Fautunately, the sound
level significantely drops in these areas.
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Figure 2: Diffuse componeniV; of noise map and local expected error for one source
s (30,30,4) with P = 0 dB, Rg = 0.05, Rs = 0, Nypqp = 40000, M = 100, nypee = 20,
Tmaz = 10 M, receivers (z,y,4) on grid withAz = Ay = 1 m.

Figure 3: percentiles of expected error distribution for varidignumber of rays casted in
gather pass), stratified vs. unstratified sampling or rays. Other pararastigure 2.

To get an idea of the overall expected error, the distribution of the looad ever the
map is examined. The 90 and 95 percentiles measure how well the largestnlitfs behave,
while the 50 percentile is a measure for the average spatial error. Figlmews the 50, 90
and 95 percentiles. It is clearly seen that the expected error desmwithel/, however at
a linearly increasing cost. It can also be seen that stratified samplingadesrthe expected
error for the samé/, and thus without introducing any extra cost.

POSSIBLE IMPROVEMENTS

In this paper, diffraction of sound paths is not taken into account forlgityp An polygonal
beam tracer [3, 4] can easily add thisTig, for paths without diffuse reflection. However,
the phonon mapper must be extended to take care of paths with both diffraciiodiffuse
reflection. Based on Fresnel zones, a Russian roulette may be appliggjgotghonons to
diffraction.

CONCLUSIONS

In this paper, it is shown how thghoton mappindechnique can be adopted to the field of
noise mapping to simulate diffuse reflections. The m@hwnon mappingechnique must be
used in parallel to a traditional ray/beam tracer that handles the striatlappaths.

The phonon mapper consists of two passes: a phonon tracing map wioeieng are
distributed over the geometrical scene to form a phonon map, and a ggtpass where for
each receiver the incoming diffusive field is reconstructed from the@honap.
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The variance on the result is mainly influenced by the number of gatherStagsified
sampling can reduce the expected error without extra costs.
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