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Summary

In the context of wave propagation through a three-dimensional acoustic medium, we develop an analytical
approach to study high-frequency diffraction by multiple reflections from curved surfaces of arbitrary shape.
Following a previous paper (of one of us) devoted to two-dimensional problems, we combine some ideas of
Kirchhoff’s physical diffraction theory with the use of (multidimensional) asymptotic estimates for the arising

diffraction integrals. Some concrete examples of single and double reflection are treated. The explicit formulas

obtained by our approach are compared with known results from classical geometrical diffraction (or Ray-)

theory, where this is applicable, and their precision is tested by a direct numerical solution of the corresponding

diffraction integrals.
PACS no. 43.20.-f, 43.55.-n

1. Introduction

Diffraction theory in acoustics gives a bright example of
combination between different approaches, namely, those
based on heuristic methods with those constructed through
strictly formal (mathematical) procedures. Many impor-
tant and interesting solutions were originated from heuris-
tic ideas - like Huygens-Fresnel principle, Fermat princi-
ple, etc. - giving even rise to well-known classical the-
ories. In this context, the most impressive one is in fact
the Kirchhoff’s physical diffraction theory, which is based
upon a clear “light and shadow” concept for diffracted
wave fields. On the other hand, strict mathematical meth-
ods did also yield significant progresses in the develop-
ment of correct solutions, different sometimes from those
predicted by the common intuition.

The background of diffraction theory was laid by the
founders of the modern mathematical physics: a good sur-
vey can be found in [1, 2]. Some interesting analytical
representations were developed for diffraction by obsta-
cles with smooth convex boundaries (as well as by thin
screens) in the high-frequency range, which is important
for many practical applications, including Room Acous-
tics. However, asymptotic results like these show poor
precision in border domains, such as semi-shadow, caus-
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tics, etc. Moreover, they generally involve only the leading
asymptotic term of the amplitude for the diffracted wave.
Recently, the rapid progress in computer science led
to an absolutely new approach based on direct numerical
treatments of the diffraction problems. When implemented
on appropriate computers, this approach allows one to ob-
tain numerical results with any desirable precision. How-
ever, in the high-frequency range for three-dimensional
problems, such an approach leads, as a rule, to huge al-
gebraic systems which cannot be treated in real time even
by the use of modern computers. In fact, to obtain reliable
results by any grid numerical method, one has to take at
least 10 nodes per wavelength; if one takes the frequency
band f = 2kHz, whose wavelength in air is 17 cm, then in
aroom of average size 17 m one must apply at least 1000
nodes along the room length. In a three-dimensional prob-
lem, this will result in 108 — 10° nodes in the room, a too
large dimension even for powerful super computers.
Thus, having realized that a direct numerical simulation
cannot provide real-time computations, many researchers
proposed various combinations of numerical and heuris-
tic approaches. This gave rise to a number of theories, but
only two of them showed good practical properties when
implemented on computers. These are those based on Vit-
tual Image and Ray Tracing methods [3, 4, 5]. Leaving to
such references the description of the former, we turn our
attention to the latter one which is rather involved in this

paper.
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The Ray (Tracing) method in acoustics was proposed on
the basis of a certain physical analogy with the propaga-
tion of light rays; the corresponding theory is also referred
to as “geometrical diffraction theory”. In the case of multi-
ple reflection, the propagation is traced sequentially from
one reflection to another, each one obeying to the specular
(mirror) reflection geometric law. Generally, Ray method
gives answer to the two basic questions: (i) what is the tra-
jectory of the acoustic ray in the multiple reflection pro-
cess? (the same of the light ray) (ii) what is the amplitude
at the final receiving point? In the case where all reflectors
are plane and acoustically rigid, such an amplitude is as-
sumed to be the same as in the case of no reflection, when
the distance between source and receiver is taken as the
full path of ray’s travel. Really, in the sense of mathemat-
ical justification, this simple idea has been proved strictly
only for the case of single reflection from a plane surface,
giving such a result through the leading high-frequency
asymptotic term. Nobody proved this statement neither for
multiple reflections, even when all reflectors are plane, nor
in the case where the ray may change - after some reflec-
tion - the plane of its propagation. Moreover, even assum-
ing the ray geometrical scheme for an arbitrary geometry,
nobody knows what is the amplitude of the multiply re-
flected ray if at least one reflecting surface is curved. Fol-
lowing the basic idea of the Ray method [6, 7], the am-
plitude of the wave ray arriving at the receiver is defined
by the geometry of the beam’s cone-tube surrounding the
ray’s trajectory, when the ray is irradiated from the source.
Obviously, after each reflection, the cone modifies its ge-
ometry, and this change depends upon the geometry of the
current reflecting surface, as well as upon that of previous
and next ones.

Giving a short review on Ray reflection from curved
surfaces, let us note that, for a smooth convex reflecting
shape, it is strictly derived a high-frequency asymptotic
result in the case of single reflection [7]. This result con-
tains the angle of incidence, the distances from the source
and receiver to the reflecting point, as well as the two prin-
cipal curvatures of the surface at the reflecting point. The
respective formula, which is based indeed on the change
of geometry of the beam’s cone, gives an explicit expres-
sion for the reflected amplitude at some receiving point x,
as follows [7]:

Pray(x) ~ exp [ik(L + Lo)] [(L + Lo)? + 2LLo(L + Ly)

ki sin? B + ko sin® «
cosy

¥ 4L2L2K2] 2
0 3

where k = w/c (— o0) is the wave number, Ly and L
are the distances of the source and receiver, respectively,
from the reflecting point, k; and k, the principal curva-
tures at the reflecting point, K = k;k, the Gaussian cur-
vature. A local Cartesian coordinate system is chosen on
the surface with its center at the reflecting point, two coor-
dinate axes along kj and k, and the third axis along the
outer normal. The unit vector along the incident ray is
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{—cosa, —cosf, —cosy}, the unit vector along the re-
flected ray is {—cosa, —cos f, cosy}.

Such a formula cannot be extended neither to concave
surfaces nor to the case of multiple reflections. We thus
can conclude that, even for the double reflection from arbi-
trary smooth surfaces, there are no results of general kind,
so that the most interesting cases, particularly for Room
Acoustics applications, need a special investigation.

Other important approaches to high-frequency diffrac-
tion problems can be found in [8, 9, 10, 11, 12, 13, 14, 15].
Note that we don’t pay attention to papers in which non-
plane surfaces are approximated by a number of plane
facets, since the correctness of such a simulation is very
doubtful: indeed, as just noticed, even for single reflection
the reflected amplitude contains the principal curvatures at
the reflecting point; hence, putting these curvatures equal
to zero cannot produce correct results. The same for pa-
pers which propose direct or quasi-direct numerical simu-
lations, even if the suggested algorithms can significantly
reduce the size of the resulting algebraic system. This is
because the efficiency of such procedures fails in any case
with the frequency increasing, and thus their results cannot
be useful for the problems here considered.

In order to set up a strict general theory for (high-
frequency) multiple reflections, one of us developed a
new approach which combines certain ideas of Kirch-
hoff’s physical diffraction theory with the use of multidi-
mensional asymptotic estimates for some arising diffrac-
tion integrals, in the case of two-dimensional problems
[16]. The main goal of the present work is to develop an
analogous approach for three-dimensional (3-d) problems,
where much more difficulties are involved.

At the end of this introduction, it should be noted that,
aiming to improve its precision, some authors construct a
correction of the Ray theory by adding to the ray-reflected
amplitude also the contribution of the wave diffracted on
the boundary (edges) of the surface [17]. The question is
outside the goals of this paper, but the authors plan to de-
vote their next efforts to study such a very interesting mat-
ter.

2. The Basics of the Proposed Method

As just stated, in this paper we aim to propose an analytical
approach which leads to clear explicit formulas for high-
frequency 3-d diffraction by obstacles with multiple reflec-
tions. This approach, arising in the ambit of Kirchhoff’s
physical diffraction theory, will yield the leading asymp-
totic term with the frequency increasing. Another goal is
to test the precision of such analytical representations by a
direct numerical treatment of the corresponding diffraction
integrals.

So, let us start from the foundations of the quoted Kirch-
hoff theory. This is interpreted in different ways by dif-
ferent authors; thus, we give a certain view that may be
different from other interpretations. The theory is based
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on the following hypotheses which are valid for high fre-

quencies, acoustically hard surfaces, and smooth convex

obstacles (no repeated reflections), see Figure 1:

1. If the obstacle is convex, then its full boundary surface
S consists of two different parts ST and S~ called re-
spectively as “light” and “shadow” zones. The formal
definition is as follows: if any finite-length line segment
connecting source xg and arbitrary point y € .S does not
intersect any other part of .S, then this point belongs to
S*. Otherwise, it belongs to S™.

2. Full acoustic pressure in the shadow zone .S~ is trivial:
p(y)=0,ye s

3. The diffraction in a small vicinity of any point in the
light zone ST happens so as it would happen if the in-
cident wave would be plane.

4. The diffraction in a small vicinity of any point y in the
light zone .S* happens so as it would happen in the
problem of reflection of a plane incident wave from a
semi-space whose boundary plane is tangential to .S at
point y.

As is known [5], these hypotheses imply an explicit defi-

nition of the full pressure p(y) in the light zone: if we de-

note by p'"°(y) the wave incident on surface .S from some
source, it holds

p(y) =2p"(y),

It can be proved as a mathematical theorem that this Kirch-
hoff’s prediction coincides with the leading asymptotic
term at any fixed point y € S*, as frequency goes to in-
finity [18]. We are assuming a time dependence of har-
monic type, omitting henceforth the corresponding factor
exp(—iwt), ® = kc where k and ¢ are wave number and
wave speed, respectively.

Now, we can apply the exact form of the Kirchhoff-
Helmbholtz integral to get the scattered wave field at any
receiving point [5]:

ye St )

[ o00(y,x) 0
0 = | [p) LD By, ) as
Js y ony
[ 0D(y, x
= | 022 s )
Js+ y
e OD(Y,
[ o) 2203 4
Js+ any
o ikly—
(y.x) = m

where we have used the boundary condition for acousti-
cally hard surface: dp/dn|s = 0. In equation (3), 7, is the
outer unit normal to surface .S at point y € S (see Fig-
ure 1), and ®(y, x) is the (3-d) Green’s function.

Now, let us assume a number of sequential multiple re-
flections from (smooth) curved surfaces Sy, Sa,... Sy
see Figure 2. Following the Kirchhoff-Helmholtz integral
representation, with the above boundary condition, we can
write the scattered field at the final receiving point as

o0D(y,
fwhjpm—ﬂﬁww @

St ony
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Figure 2. Sequential multiple reflection from an array of curved
reflectors.

However, by analogy to what is done in (3), the value p(y),
y € S}, which gives the acoustic pressure on the N-th
reflecting surface, is twice the value at the same points y
as it would be if the surface S;(, would be absent, namely,
twice the value of a wave field “incident” onto the surface
S for reflection from the (points of) surface S}, ;:

0®(yN, X)

dSn.
Pily N &)

pE (= J 2p(y™)
Sy

Henceforth, y" (n = 1, ..., N) denotes the points on S,.
By the same analogy, one can evaluate that

oy, yN)y

3 dSn-_1, (6)
HN_1

pON) = J 2p(™M Y
Sk

and so on. As a consequence, by collecting all integrals
together, we obtain

) oD 1, 2

[ peohy 20
hye ]

ad(yY, x)
anN

fm=ﬂ[m
S+

1

(72)

dsS; ... dSw,
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where it holds

eikrm

POt = For=y'—xo, ro = [Forl (7b)
(and we changed 7, into 7y, ..., Ay according to the in-
volved surface).

By recalling the explicit expression in (3) for Green’s
function, the following high-frequency asymptotic repre-

sentation can be deduced:
aq)(yn, yn+1) ) - »
- ik®@", y* ) cos (7, ., in)

ik eikrunt _ s
== v co8(F, 1" Tin), (8)
(N

= i n+1
Fant1 =Y =V,

n=1,..., N (y

Fan+l = lfn,n+1|:

ST A e
=x, FNN+1 = Pax);

thus, by combining equations (7a,b) and (8), we easily get

NN N = e
k CoS (7, ../ 7
) ~ [ [ [ H_.__( we ) o
2 St st Frnt1
1 N n=1
e’ikg
. dsS;...dSy. k — oo,
ro1
where
N
g =280 .. Y)Y =0+ ) Fan (9b)

n=1

= |y' —xol 4+ + YV — x|

gives the full path covered along the multiple reflections.

Further simplification for equation (7a) can be found
by applying a high-frequency estimate to the (multiple)
diffraction integral in equation (9a,b). In this connection,
the principal contribution to the leading asymptotic term
is given by the stationary point according to the following
representation holding for any M -fold integral taken over
some domain Q [19],

[ e dy ~
Q

2T Mz i
<7> exp [ikg(y*) + o sign g'y'y(y*)
_ O
12
| det gl () |/
y=01.. .. ym).

(k — o0), (10)

dy =dyr...dyy.

Here y* denotes the so-called stationary point, namely, a
(M -valued) point at which the phase function g(y) has
vanishing gradient,

dg(y) _ . _ 980" _
9y oym

0, (11)

8yy is the Hessian matrix of function g :

g
no— Ly OBS NARN e u=1,.. ..M. 12
gy}' { aymayﬂ } m, U ( )
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Figure 3. Single reflection from a plane rectangular screen.

sign g, is the sign of Hessian, i.e. the difference between
the number of its positive and negative eigenvalues, and
finally det g}, is its determinant (g3, (y*) = g).

In the forthcoming examples, the geometrical points on the
reflecting surfaces corresponding to the values yj, . . ., Vst
will also be referred to as stationary points.

Thus, the novelty of our approach for 3-d problems con-
sists in the derivation of the quoted diffraction integral
along with the method of solving it (asymptotically) given
by formula (10).

3. Examples on Single Reflection from Flat
and Spherical Surfaces

3.1. Let us first consider the classical high-frequency
diffraction by a plane rectangular (rigid) screen .S of size
a x b, only to show the details of the mathematical tech-
nique proposed in this paper, which will be then extended
to more complex geometries.

The geometry of the problem is shown in Figure 3. If
xo = (&, no, o) is the source point and x = (&, #, )
the receiver point, the leading asymptotic term can be con-
structed by the geometrical diffraction (or Ray-)theory,
which in this simple example amounts to introduce the vir-
tual source %g = (&, 79, —&p) symmetric to the real one xg
with respect to the reflection plane y; = 0, and to consider
the full path of the ray from X( to x. It is interesting to
verify whether this result can also be obtained by using
equations (9a,b) and (10) in the ambit of our approach.

In this case, itholds N = 1 (S = 5), y! =y =
(y1, ¥2, 0), n = [0, O, 1} and cos (flxl\fll) = "C/rlx-
Hence, equation (9a,b) for the amplitude of the reflected
wave becomes

ik ikg(yi.y2) 4y, d
PE(x) ~ _iJ 6; y14)2 . k- oo, (132)
2z )s w2 (1, v2)@ (1, ¥2)
where we put
— 2 2, L2112
ror = [(1— &)+ 0n —m0)* + &= o1, »),
1/2
rie = (01 =87+ G2 =+ 2wy, (13D)

g=y+o
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It is evident that condition (11) for the stationary point
leads to the systems

»1—=<o

}'i”§+____=0

i @
Yo =¥ +}’2—??{u -0
17 @
o= E°¢* = (v — &)y?
(2 —m)*@* = (y2 — mo)*w?
(1 = &5 = O — &)
= , (14)
{ (2 = = (2 — m0)*¢?

It follows from the first system above that differences (y; —
&) and (y, —#n) have opposite signs with respect to (y; — &)
and (y, — #p); therefore, the last system in (14) yields

{ (1 =80 = (S0 —»1)¢ (15)

(2 —m&o = (o — ¢

whence the stationary point y* = (y7, v, 0) is easily de-
duced as

« _ 550+ ¢

= *_’1§0+C’10
Y0, e

yp = 10 ET (16)
% So+¢

Of course, further results are valid only if this point be-

longs to the reflection area, i.e., if y* € .S. Note that, as

expected, y* coincides with the point of mirror reflection

between xg and x.

Let us introduce the distances L = |, = w(y,¥5),
Ly = ¢ly» = @(¥],y;) and the incident angle y = 7 —
(Fof* 7i1). By the systems in (14), we get {7 L2 = ¢?L2, and
thus

&

7, a7

_5_
—L—cosy,

which implies the well-known law of equality between re-
flection and incident angles (actually, a consequence of the
stationarity condition); see Figure 3.

The Hessian is calculated directly as

g g
v | oyt dy10y2
g=| %, e (182)
Moy ayy /o
where
dz_q_ l L= (v, — &)
d};lz » L ‘f 2
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g 1 [ 6% —m?}
N = S lls————— (18b)
yg y:y* L L‘
X 1 - (¥3 = o)
Ly L? '
g 01 =90 =
dy dyr oy L3
. OF = &) (y; — no)
L '

Its determinant, after some transformations, turns out to
hold

o (L 4+ Lo)?

det g
Fii7

19)

In order to calculate the sign of the Hessian, we use the
Sylvester criterium [20]: any symmetric matrix, whose
all principal determinants are positive, is positive-definite.
Our Hessian has only two principal determinants: the full
determinant itself, equatin (19), and the element 02g / ayf
given in equation (18b). The former is evidently posi-
tive; the latter is positive too since L > |y; — &| and
Ly > |y1 — &l. If the Hessian is positive-definite, then
all its (two) eigenvalues are positive, hence sign g” = 2 in
equation (10).

Now, let us calculate the integral in (13a,b) by means
of equation (10) with M = 2, Q = S (the rectangle) and
f =1/(w?@). By collecting all results obtained, we get

1kC 2” ci[k(L+Lg)+7r/2]
p“(x) ~ "“_> <_> D) ”
o k ) L2Loldetgl,(y*)]'/2
eik(L+L0)
=2 , 2
T - %0 (20)

Such a formula expresses just what Ray theory implies,
and we aimed to verify; cf. also with equation (1) on
putting ky = kp = 0.

It should be noted that this result is free of the size of
the reflecting surface - parameters a and b - that seems to
be strange at first sight. Really, a more precise asymptotic
representation should include further terms in the asymp-
totic expansion. As can be proved in the ambit of Ray
theory, the contribution of the second (after the leading)
asymptotic term would complete the above formula as fol-
lows:

eik(L+L0)

Iiis [1+0(1/K)].

p(x) ~ k—>oo. 21
However, the principal contribution is brought by the sta-
tionary points of the boundary edges, if there are any [17].
If this contribution would be taken into account, then the
asymptotic estimate in the square bracket of equation (21)
would be written as follows: [1 4+ O(1/k'/?)]. All that is

clearly shown by Figures 4a,b,c, where we compare the

119



ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 97 (2011)

Scarpetta, Sumbatyan: Reflection from curved surfaces

13
] L

1.2
1.1

: I

0.

tO

s nsnnns
‘r%"|||ﬁ|n||||" Illlllllf,'r%‘r[ﬁ';:l':h lﬂ|||g |"I| J||||‘|||I .|||[||n. A
0.8
0.7

0.6

ka
Oble=t e e B F — = |
0 500 1000 1500 2000 2500

09r
[p(x) (b)

0.8
0.7

% h

I

}n =ﬁ!1;’i'ﬁ*"t’i'L-'1'uIffNﬁjIllj'|,||’-,fﬁ'wﬁ'fﬁ¥i’-1'=.’1'ﬁ*fﬁﬁ“-w\ﬁ‘ﬂ.-'r'-.-’z'{t-'ﬂh’a'&'ﬁ-*'v’!ﬁ‘#ﬁ*ﬁn'

o

0.

w

0.3

ka
%% 500 1000 1500 2000 2500

%491 ol (©)

0.4

0.35

0.3 ¢

0.2 “ i T‘-'"LI ‘*IH‘;“HI{'.P.&I’W«'-» s AR

M H

0.2

a1
—__—‘—

ka
500 1000 1500 2000 2500

Figure 4. a,b,c. Comparison between Ray-theory prediction (21)
(dashed line) and exact numerical calculation of integral (13a,b)
(solid line): plane reflector, a = b, & = 0754, & = 0254,
no=n=05a@):¢=¢ =05ay = arctan(1/2) ~ 26.5°
)¢ =& =a,y = actan(l/4) ~ 14° (¢): { = & = 2aq,
y = arctan(1/8) ~ 7°

asymptotic result (21) with a direct numerical calculation
of integral (13a,b) (which reflects the Kirchooff diffrac-
tion theory). For all three cases considered, the station-
ary (reflecting) point is located at the center of the square:
yi =y, =05a

120
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%

Figure 5. Single reflection from a spherical surface.

It is obvious that the difference between geometrical
(Ray) and physical (Kirchhoff) diffraction theories de-
creases with the frequency parameter increasing. How-
ever, this approaching is very slow when frequency grows,
that conform to the slow decay of the asymptotic estimate
O(1/k'?) for k — .

3.2. The next example we consider here is a (non-
symmetric) single reflection from a sphere of radius a; see
Figure 5. Such a case can still be studied in the ambit of
Ray theory, by equation (1); let us see whether it can be as
well studied by the method proposed here.

It is evident that for arbitrary two points x and xg in
the space, the coordinate system can be chosen so that
both of them are located in the (vertical) plane y; = 0.
The axis y3 is taken so as to contain the mirror reflec-
tion point ¥: § = (0,0, a). So, let us put x = (0, , {),
xo = (0, no, &o). In this case, one should substitute into
equation (9a,b), where only one surface §; = .S remains

and y' =y = (y1,y2, y3 = \/@ = ¥} — ), the expres-
sions
r ,11/2
o= e 0n e (Vi) }
= y(y, »2),
- 112
ror = yf+(yz—no)2+< az—yf—y2—60> }
= (1. y2). (22)
- Ji V2 »3
g=y+op 0= {——,—,—},
a a a
a
dS = —dyidy,,
Y3

a“ — (yan + yaC)‘

(Fix/w) -y = W

cos (F\ ny) =

After that, equation (9a,b) for the reflected amplitude be-
comes

dy1 dy,,
(23)

ik J [@* = (v + y30)] e*&013)
s+ 3wy ) ey, )
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(where not specified, it holds y3 = 4/a% —y* — y2). As

made before, let us now estimate this expression, as k —
oo, by the use of equation (10). Since the phase function
g(y1, y2) in (22) is even with respect to yj, it is clear that
dg/dy1 = 0 when y; = 0, so that for the stationary point it
holds y|' = 0. Moreover, on putting

gg  Sn/\@=yvi-n Gw/\[a@-¥-m
—_— = + =

oy2 W @
(aty; = y; =0),

(24)

it can be seen from Figure 5 that the chosen coordinate
system provides the equality n/w = —#y/ @, and thus we
deduce that y, = 0 = yJ solves equation (24). Therefore,
the stationary point is y* = j = (0, 0, a) (see the comment
after equation 17).

Let us calculate the Hessian and its determinant. After
introducing the distances

L=yl =v00)=Vr+@-02
Lo = 9|, = 00,0 = \/i2 + (@)

and the incident angle

—a C(—a
=smg (= oy =282 E29),

Ly L
we have
a° cos 1 1
] Tt Oy L g e
oy’ al  aly a L Iy
o
a’l
S =0, (25)
Y102 | oy
s 5 2)
Pgl L b m M
ayg A al. aly L3 Lg

1 1
detgl = <2 o —>

whence it is also clear, by the same reason as in the previ-
ous example, that sign g? = 2.

On applying equation (10) with M = 2, Q = S*
(the “light” part of the sphere) and f = [a* — (yon +
301/ (33 w? @), the final result can be put in the following
form (k — o0):
p(x) ~ (26)

cos y eik(L+Lo)

1
LLO\/<2¥+%+LAO) 2222 4 (44 £ ) costy]
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Such a representation is to be compared with the general
formula (1) given by Ray theory. In this example of re-
flection, the principal curvatures are k; = k, = 1/a, so
K = kik, = 1/ a. Further, the (unit) incident ray is
{0, —siny, —cosy}, whence sin?a = 1, sin® # = cos?7.
By substituting these values into (1), we can see that Ray-
theory prediction coincides with our asymptotic solution
(26). This analytic result is finally compared with a direct
numerical calculation of the diffraction integral (23), for
which we kept only the part of the upper half of the sphere
of size (2 + y2)'/2 < a/2, see Figures 6a,b,c.

The qualitative properties pointed out for reflection
from the plane screen are also valid in this example of re-
flection from the sphere. It is worth noting that formula
(26) can be as well applied for reflection from the concave
side of the sphere, by only substituting therein the value
—a instead of a. In such a case, there are some combina-
tions of the geometric parameters for which the denomina-
tor vanishes, and this actually implies the well-known fo-
cusing effect. However, such irregular cases must be stud-
ted in a different way.

For this example of reflection, we also considered the
behaviour of the phase angle of the reflected wave with
respect to frequency. Of course, this behaviour is trivial
in formula (26) arising from our approach (and Ray the-
ory); what is probably worthy of mentioning is that the
behaviour coming out from the numerical treatment of in-
tegral (23) is practically the same. This means that the
phase is - in one sense - poorly involved in the mathe-
matical structure of such integral, a fact which is not so
evident a-priori. In Figure 6d, we show (a fragment of)
such a behaviour with respect to frequency: the two lines,
dashed from equation (26) and solid from equation (23),
are fairly coincident; note that the interval for the phase
angle is taken as —180°, 180°.

4. Double Reflection from Flat Surfaces

The general results expressed in equation (9a,b), (10) al-
low us to study multiple reflections for arbitrary curved
surfaces. It is very interesting to verify whether this study
will conform to the simple heuristic predictions originated
from Ray theory and usually accepted by physicists in
Room Acoustics, where these are applicable (see point 6 in
the forthcoming Conclusions). In this connection, we now
will first consider the double reflection from two plane
rectangular screens 51, S2. To be more specific, we as-
sume that: the ray remains on the same plane along its full
path, and the reflectors form a right angle between each
other; see Figure 7.

Let xo again denote the source point and x the receiver
point; ' designates the first mirror reflection point and 72
the second one. It can be easily proved that in order to
provide all line segments xo — 7', ' — 32,  — x be lo-
cated in the same plane, the latter one must be orthogonal
to the edge between the rectangles. One thus can arrange
this plane to be vertical by a simple rotation. The Carte-
sian coordinate system is chosen so that the plane y; = 0
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Figure 6. a,b,c. Comparison between Ray-theory prediction (26) (dashed line) and exact numerical calculation of integral (23) (solid
line): spherical reflector, 79 = 0.5a, 71 = —0.5a (a): { = { = 1.254a, y = arctan(2) ~ 63° (b): { = {, = 1.5a, y = arctan(1l) = 45°
)¢ =¢ = 2a, y = arctan(0.5) ~ 27°. (d): Comparison as above for the phase angle: spherical reflector, 7y = -~ = 0.54,

=& =1.25a,y = arctan(2) ~ 63°,

Figure 7. Double reflection from plane orthogonal rectangular
screens.

is the plane of the first reflector and y; = O that of the
second reflector. Taking suitably the origin, we can put
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xo = (&,0,8), x = (£,0,¢). For convenience, we now
denote by (&, 7, ¢;) the coordinates of points 3, i = 1,2;
of course, itis {; = & = 0.

As a consequence, in the case at hand it holds

ror = |61 — &2+ 12 + 837 = o m),
o= [E+m-mP+8]" = umom &),
rax = [E 4B+ G -0 = win. &),

g=@+u+wy, (27)
cos (’71,/2\ fiy) = —C—:, cos (P, iiz) = —5,

dS1 = déydny,  dSy = dp dds.

Substitution of these relations into equation (9a,b) gives
rise to the following formula (k — oo):

k2 eikg

P~ | | S dndmimds o9
4 lsy lsy ontw

The conditions to find the stationary points

Vo= 06, i=12

Jg Jg og Jg

e — 1 — = — | e O, 29

0& on om 08, &
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lead to the following 4 x 4 algebraic system

§1— & it =y Ly Al v,

@ /4 p H
momom o 2=¢ . o_, (30)
1'4 H 1'4 H

It can be strictly proved, though not so simply, that equa-
tions (30) give ny = n; = 0, as well as

& — & _ &

P(&1,0)  pu(&.0,0,8)

é: - Ci - - Cg .5 (31)
w(0,8)  u(.0,0,8)

which is a system to get £ and {;. Note that the above
relations imply the reflection angles law at the stationary

points y} = (£,0,0) = 5! and y? = (0,0,&}) = 77 see
Figure 7.
If we introduce the distances
Lo = (&, 0) = [& - &)*+ 2|,
2 3 YR PR L
Li = u.0.0.6) = (&) + (&)]] (32)
1 12
L=y0.¢) =2+ -07"

the components of the Hessian (at the stationary points),
here a 4 x 4 matrix, are calculated as follows:

g < 11 ) ,
—1 = —=+—]cos?y,
o0& |, Ly L, '
9> 1 1
_§ =+
o |, Lo Ly
9 1 1
_*;’ it (33)
on; .
7’ ( >cos y
781 _ sl "
o |, i
dg | _ g | o’z
0&10m |,  0Fdm ok |,
dﬁ
= - =
N0 |,
’g _ sinycosy
06108, |, Ly '
g iy _i
onomy |, L

where y; = 7 — (Fy" fu) and y, = (F, } 7ip) are the incident
angles (y1 + 72 = #/2), so that cosy; = {o/Lo = &5 /L1,
cosy, =¢/L=¢&/L;.

Its determinant, after some transformations, can finally
be evaluated in the form

Lo+ L+ L

2
0. (34
Iy L ) g G

Ay = detg” = sin® y; cos® y; (
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Figure 8. Comparison between Ray-theory prediction, equation
(36), (dashed line) and exact numerical calculation of integral
(28) (solid line) in the double reflection from a x a plane orthog-
onal reflectors: xg = (4,0, a/2), x = (¢/2,0, a), y, =y, = 45°.

In order to obtain the sign of the Hessian, we can see that

82
A = ——;g >0,
082 |
d*g 0°
a = 2228 (35)
& onf?
= 1 1 1
Ay = [—+— 2y >0,
: <Lo L1> <L0L1 U LL0> ]

which implies the matrix to be positive definite; thus,
sign gt = 4.

The combination of (28) and (10) (with M = 4, Q =
ST x ST, f =6/ (puty?)), along with the above results,
yields the following asymptotic representation for the am-
plitude of the doubly reflected wave field

éeik(LO"‘Ll"'L) C2*
Pre) ~ . Lot In+L 41212
s 0S ———————
Y1€08Y1 LT
eik(Lo + L+ L)
= ; k . 36
Lo+ L+ L THER (36)

By comparing this result with equation (20) and the sub-
sequent sentence, we can see that, at least in this particu-
lar example of double reflection from plane surfaces, the
heuristic predictions of Room acousticians are valid.

In connection with the numerical treatment of the dif-
fraction integral (28), whose result is shown in Figure 8
for the sake of comparison, it is useful to underline what
follows: when evaluating the required number of nodes
to correctly calculate the arising four-fold integral by a
quadrature formula, the extremely high frequencies in-
volved in Figure 8, like around the value ak ~ 500, make
necessary to take at least N = 300 nodes for each of
the four directions (&1, #1), (i, &). Hence, each one of
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Figure 9. Asymmetric double reflection from a pair of spheres of
different radii.

so large value of ak requires approximately 300* ~ 10'°
arithmetic operations. Altogether, to construct the diagram
in Figure 8, four days of continuous uninterrupted com-
putations implemented on PC AMD-Athlon Core Due,
6.0 GHz clock frequency, were required.

Finally, it is very interesting to compare the behaviour
of the reflected amplitude with respect to frequency in the
two cases of single and double reflection from plane re-
flectors: see Figures 4a,b,c versus Figure 8. In both these
cases, the (solid) oscillating line resulting from the (ex-
act) numerical solution of the corresponding diffraction
integral approaches to the (dashed) constant line reflecting
Ray theory, as frequency increases. However, the oscillat-
ing behaviour for single reflection is more regular, while
for double reflection is more chaotic. Physically, this may
be explained in the following way. The next asymptotic
term, after the leading one, is connected with the diffrac-
tion by the edges of the rectangular plate. The trajectory
of the wave packet, when sliding over the edges, seems to
be more regular for one reflector than for two ones, and
so is the contribution of such a packet to the full pressure
amplitude. Indeed, in the case of double reflection, there
exist many more possible combinations of different beams
which can arrive at the receiver after any passage over the
edges of the two rectangular plates; hence, the contribution
of such edge-diffracted waves turns out to be more chaotic
with the change of frequency.

5. Asymmetric Double Reflection from a
Pair of Spheres

All examples previously considered on application of the
method proposed in this paper, could be (apparently)
treated by this or that alternative method, even with final
explicit results. Now, we give an example of double re-
flection which cannot be studied explicitly by any existing
method known to the present authors. The reflectors are
two spheres S1 and .S, of radius a and b, respectively; & is
the distance between their centers Oq, O; (see Figure 9).
Like in the foregoing case, we assume all acoustic rays
to be in the same plane (that of the sheet). This plane is
chosen so as to contain axes 71, 72, {1, {2, the last two of
which passing for the mirror reflection points 7' and 32,
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respectively; axes &, & are clearly parallel and orthogo-
nal to the plane. Thus, we have two coordinate systems
centered in O and O,. We denote by #,, 7, the angles
of mirror reflection from the spheres, and by «, g the an-
gles between 0,0, and axes #,, #;, respectively; note that
a+tf=nw~f1~"7.

Of course, if any point P has Cartesian coordinates
§f) ; nf) , CIP in the first system, then its coordinates in the
second system are

& =&,

P P P
1, hcosa +ny cos(a + f) — ¢y sin(a + f),
é’f hsina + nf sin(a + p) + ClP cos(a + 7).

It holds

y'=Cun b= =& -n),
V=(mb= \/ b* — )

for points on the first or second sphere in the correspond-
ing coordinate system. Finally, we put xo = (0, 79, {o)
as coordinates of the source point in the first system and
x = (0,n,¢) as coordinates of the receiver in the second
system.

Thus, in the case at hand we have

(37)

- 7172
ror = |E + (m —mo)* + <\/ a?—& -~ Co> ]
= o m).
] 172
oy = 5§+(ﬂz—n)2+(\/b2—§§—f1§—6)2]
= w(&.m). (382)
rip = {(51 - 52)2 + [h cosa + ny cos(a + f)
—\Ja? - & i sin(a + ) —m]h
+ |hsina + n; sin(a + f)
+14/a2 — & — n} cos(a + B)
21 172
-\ -&- '1%] } = u(ér.m, &.m),
g=9+uty, dS1=§1d§1dm.
as, = 2 dg dn,,
14}

cos (Fi 5 7)) = (Fia/p) -
= (1/ap)|a® = &1& + h(n; cos p — &1 sin )
+ (121 — m&2) sina + )
— (mm + &183) cos(a + f)

= filé.m. & m), (39)



Scarpetta, Sumbatyan: Reflection from curved surfaces

cos (Fyy Ma) = (Fax /W) - iy
= (1/by)(* — i — £&2)
= fa(&m).

After proper substitutions, equation (9a,b) becomes

sz J f1 faeiks
4’ stlsy QHY

ab
s —dédmdédy (k= o0).
(where not specified, it is ¢, =

419
VE-&-n & =
R )

The stationary points are defined by the following rela-
tions

(40)

dg _ boé
— = — 4
6 G G
s & [hsin f — ny sin(a+p) + & cos(a+ )] — &6 p»
Hé -
dg _ (&
o g 202 41b
6, Gy A0
+&mea+nwmw+m+5wwm+m]—a@_0
ué -
98 _ Som—noéi (i cos f+m sin f) @lc)
om g ué
+ m&=mby)cos(a + f) — (G1&a+mms) sin(a+p) _ 0
Hé ’
92 _fm—n&  kmsina—{;cose) (41d)
on OHy i Hné
_ m&=m&) cos(a+p) — (16+mm) sin(a+p) _ 0
Hé2 '

We can see that §; = 0 = ¢], & = 0 = & automatically
turn (41a) and (41b) to identities. It is also obvious that

m = 0 = 5}, m = 0 = x5 convert the other two relations
(41c) and (41d) to

_ Mo A hecosf—bsin(a+f)

0,
® H
_£+asin(a+ﬂ)—hcosa _0 “@2)
1'% H

which are again two identities, since both the fractions in
the former give sin%; and both the fractions in the latter
give sin 7,. Thus, the stationary points are y} = (0,0, a) =
7, ¥2=(0,0,b) = 5.

Now, after some transformations, the components of the
4 x 4 Hessian matrix (at the stationary points) can be writ-
ten out as

O] FTOI |
0&10m; j, 00 |, 0&om |,
G [

C 0&0m |,
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o’g|  2cosy 1 1
087 |, a Lo Ly
g 1
= —-—, (43)
06108 |, Ly

d*g 2cosy; 1 1 5

el — —_— + — A

aﬂf * - + LTI cos” ¥y

g _ COSY] COS Yo
omomn |, Ly i

9? 2 1 1

Pg| _2eom 1, 1

65% . b L I

g 2¢osyy Tt il >

O] - < -+ — .

ang " b + TALIT cos” y2
where we introduced the distances
Ly = ¢(0,0) = Vno? + (a — £o)?,
L =w(0,0)=v+(b-0)2,
Ly = u(0,0,0,0) (44)

= Va2 +b2+h% — 2h(asin f+bsin a)—2ab cos(a+p),

and the incident angles y; = z—(F,;" 7iy) and y, = (7, } i),
so that

cos i = fo—a hsinf+bcos(a+p)—a
Y1 = L() - L1
= —cos ('71,/2\ i) |* =-/1(0,0,0,0) (45)
hsi —-b —b
o sina + acos(a + f) L A

Ly i
= —cos (R ) |, = =/2(0,0).
The reflection angles law is satisfied (and of course y; =

¥1. r2=Fo).
Regarding its determinant and sign, we have

02
A] = —g >0;
9 |,
9*g 0
Ay = —g—i > 0;
0&7 on; )
2cosy; 1 1 5
Ay = — 4+ —
3 [ p + <L0 +L1>COS Y1
2cosy; 1 1
. +_ —
[( a LQ+L1>
2cosy, 1 1 1
+=+—=)-=]|>0
< b L+L1> Lf
2cos y; 1 1
Ay =detgy =[| ——+—+— 46
4 el g, [( 7 LO L1> ( )

2.cosy, s 1 i 1 1
b L L L%
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Figure 10. Comparison between asymptotic result (47) (dashed
line) and exact numerical calculation of integral (40) (solid line)
in the double reflection from spherical reflectors: b = a/2,
Ly = L =aL; = 2a x = (0,Lo/vV2.a+ Lo/V2), x =
(0, —L/N2, b+ L/V2), 71 =y, = 45°.

2cosy; 1 1 5
{224 (f+ 1) eon
2cos 1 1 2
|22 (14 ) ot

2
COS 71 COS ¥
e >0,
< L, ) }

whence sign g7 = 4,

By applying equation (10) to equation (40) (with M =
4,Q = S-S, f = fif2)(@uwti&a)), and using the
above results, we finally get the following asymptotic rep-
resentation for the doubly reflected amplitude:

COS 71 COS 72 eik(L0+L1+L)

L L; Ly+/det gi’

A comparison with a direct numerical treatment of the
(four-fold) diffraction integral (40) is shown in Figure 10
in the case when: b = a/2, y; = y, = =n/4, axis i is
parallel and co-directed with axis ¢, axis #, is parallel and
anti-directed with axis ¢;. It should be noted that, with in-
tegration over variables &, #1, &, 2, the phase function
g varies more rapidly, so that an adequate calculation re-
quires more grid nodes than in the case of double reflec-
tion from plane reflectors. Therefore, in order to construct
Figure 10, one needs even more computation time when
compared to Figure 8 (by our experience, approximately
in a double time). Like in the case of a single sphere, we
restricted the numerical integration to the domains with
&+ < (a/2% & +m, < (b/2)

Finally, as in the foregoing section, let us compare with
each other the cases of single and double reflection for
spherical reflectors: see Figures 6a,b,c versus Figure 10.
The general remark that the behaviour in the double reflec-
tion is more chaotic than in the single reflection remains

pex) ~ k = oo. (47)
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valid for such reflectors too. The only additional comment
could be to emphasize that this irregularity is even more
chaotic than for plane reflectors.

6. Conclusions

1. We have proposed a new method to estimate the lead-
ing high-frequency asymptotic term for the (complex-
valued) amplitude of an acoustic wave in the multi-
ple reflection from a set of acoustically hard surfaces.
Such a method is based on a further development of the
classical Kirchhoff’s ideas, by extending the physical
diffraction theory from single to multiple reflections.
This allows us, for an arbitrary number of reflecting sur-
faces, to write out the amplitude at the receiving point
as a multiple diffraction integral.

2. In the particular case of a single reflection, this inte-
gral is simply reduced to Kirchhoff’s standard integral.
In the case of a multiple reflection, this multi-fold inte-
gral is estimated asymptotically by means of the multi-
dimensional stationary phase method, which gives the
sought leading asymptotic term for high frequencies.
We thus can see as the Ray-theory asymptotic represen-
tation is constructed on the basis of the other, namely
Kirchhoff’s, high-frequency theory.

We consider some simple examples on single or dou-
ble reflection only to show the basic concepts of the pro-
posed method. Then, we consider an example of dou-
ble reflection (from spherical surfaces) which cannot
be studied by other known approaches, as far as the au-
thors are acquainted.

3. The method can be well applied to reflections from both
convex and concave surfaces, as soon as the geometry
of the multiply re-reflected ray is calculated. The only
difference between these two cases is that for convex
surfaces the radii of curvature should be taken with a
positive sign, while for concave surfaces — with a neg-
ative sign. One can also apply the obtained results to
reflecting surfaces where two principal curvatures may
be of opposite sign.

4. In principle, the Hessian determinant in the denomina-
tor of the basic asymptotic estimate (10) may vanish
at the stationary point. Physically, these cases are re-
lated to concave surfaces (negative curvatures) and im-
ply some focusing effect. Obviously, the diffraction in-
tegral (9a,b) in such cases must be estimated in an alter-
native way, since this typically means that the stationary
point is not isolated. In the considered examples, where
all curvatures are positive, we always found a strictly
positive value of the principal determinant. However,
this fact does not prove that a certain combination of
multiple reflections from a set of convex surfaces may
not yield a focusing effect. Such an interesting question
requires a special study.

5. The basic Ray-theory representation is symmetric with
respect to the sequence of reflections, which implies the
amplitude of the multiply reflected wave to remain the
same if the source and the receiver would be exchanged
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in their spatial locations. One thus can see that a reci-
procity principle, of general validity in acoustics, can
also be stated in the problem of (high-frequency) mul-
tiple reflection from arbitrary curved surfaces.

6. In the particular case when all reflectors are flat, the cal-
culation of the reflected amplitude is reduced to a well-
known heuristic formula, which claims that this is the
same as in the case of no reflection if one assumes the
distance between source and receiver to be equal to the
full path of the propagating ray. It should be noted that
the present authors do not know any published work
where such a simple idea is strictly proved as a math-
ematical theorem. In the present paper, we prove the
above result only in the case of double reflection with
the same (ray’s) plane of propagation; the investigation
of more general cases, though feasible in the ambit of
our approach, requires some more detailed mathemati-
cal techniques, and thus is left for brevity to forthcom-
ing studies.

7. In all the examples treated, the precision of the Ray
theory (namely, of the leading asymptotic term) is es-
timated numerically by a direct calculation of the cor-
responding (multi-fold) diffraction integrals. Typically,
this investigation shows a gradual approach of the nu-
merical diagram to a constant value as predicted by
the Ray theory with the frequency increasing. However,
sometimes the approach reveals to occur very slowly
with k¥ — oo, and one could suppose that the second
term of the full high-frequency asymptotic representa-
tion is not predicted by the Ray theory, but is defined
by some contribution of the stationary points located
on the boundary edges of the reflecting surfaces. This
important question is also left to forthcoming studies.
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