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ABSTRACT 

 Moving frame acoustic holography (MFAH) enables us to visualize the noise 
generated by moving noise sources by using a line array of microphones affixed to the 
ground. The method uses the relative coordinate transformation that relates the sound 
pressure on the measurement and the hologram coordinate. However, the transformation 
is valid only when a moving line array of microphone measures the sound field of a 
non-moving noise source. If a line array of microphones affixed to the ground measures 
the sound of a moving noise source, this transformation produces errors on the 
hologram. This is a nontrivial drawback of MFAH. This paper studies these errors 
theoretically and proposes a correction method. 
 

1. INTRODUCTION 

 If we attempted to use nearfield acoustic holography (NAH) 1 to analyze the noise 
generated by moving noise sources, we would be able to measure the pressure on a 
moving plane affixed to the noise sources. This requires a planar array of microphones 
affixed to the noise sources. Its complexity and cost limit the practical applicability of 
NAH to the case of moving noise sources. As a practical way of moving noise source 
visualization, a beamforming method 2-11 that employs a line array of microphones 
standing on the ground has been mostly used. The method finds the source location of 
noise sources, not the whole acoustic variables that NAH provides; e.g., sound pressure, 
particle velocity and acoustic intensity and power. 
 Recently proposed moving frame acoustic holography (MFAH) 12,13 can extend 
the practical applicability of NAH. The method uses a line array of microphones which 
continuously scans a sound field and produces the hologram of the scanned plane. A 
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practical mean of implementing MFAH is to install a line array of microphones on the 
ground. The simplicity of the measurement system has enabled us to visualize the noise 
generated by moving sources based on NAH, which is the advantage of MFAH.  
 However, MFAH has inherent limitations due to the relative coordinate 
transformation, which transforms the pressure in the measurement coordinate into the 
hologram. The transformation is valid only when a moving line array of microphones 
scans the sound field of a non-moving noise source. In the case of moving noise sources, 
the transformation cannot correctly transform the measured pressure into the hologram. 
This will produce errors on the hologram and the predicted sound fields.  
 This paper theoretically investigates the errors of which are caused by the velocity 
of a noise source. The analysis eventually shows that the errors are small enough to be 
neglected if the speed of moving noise source is small compared with the speed of 
sound. It was possible by generalizing Huygens' principle 14 so that it expresses the 
sound field of a moving noise source as the superposition of those of distributed moving 
monopoles. This paper also explains the way to eliminate the errors on a hologram.  
 

2. EFFECTS OF MOVING NOISE SOURCES ON A HOLOGRAM 

 Huygens’ principle states that any sound field in an unbounded medium can be 
expressed as the superposition of elementary sound fields of distributed monopoles. It 
can be derived from the Kirchoff-Helmholtz integral equation 15. This expression can be 
generalized for the case of moving noise sources 16, that is 
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where )( ⋅δ denotes the delta function, St  represents the emission time and t  does the 
observation time. X

ρ
 and SX

ρ
 are the position vectors in the reference coordinate 

[ ),,( ZYX ] affixed to the ground (Fig. 1). This formula essentially says that general 
moving noise sources can be expressed in terms of distributed moving monopoles 
whose strength is ( ) )(, SSS XdVtXq

ρρ
. In order to examine the hologram by using MFAH, 

we introduce two coordinate systems in addition to the reference coordinate (Fig. 1). 
They describe the relative motion between a noise source and a line array of 
microphones. One is the measurement coordinate [ ),,( mmm zyx ], fixed to the line array 
of microphones. The other is the hologram coordinate [ ),,( hhh zyx ], fixed to the noise 
source. The two coordinates move in parallel and their relative velocity is hmhm uuu ρρρ

−=/  
(Fig. 1). Note that these three coordinates coincide at 0=t . 
 When a stationary line array of microphones measures the sound of a moving 
source, Eq. (1) can be written as 
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where msp  denotes the pressure due to moving noise sources and )()( SSS tXXtR
ρρ

−= .  

 Without loss of generality, we can reduce this equation to the case of the infinite 
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number of distributed monopole sources. In this case, we substitute the source strength 
in Eq. (2) for ))()(()()),(( ,

0
SnSSSSn

n
SSS tXtXtqttXq
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∞

=

, where nq  and nSX ,

ρ
 denote 

the source strength and the position vector of n-th monopole (See Fig. 2). After 
temporal integration, Eq. (2) can be expressed as (see reference 16 for the detailed 
derivation), 
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where *
St  has to satisfy 0/)( ** =−− ctRtt SS  ( ttS <* ) and )()( , SnSSn tXXtR
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−=  (See 

Fig. 2). M  denotes a Mach number ( cu / ) and )( Sn tΘ  does the angle between huρ  
and )( Sn tR

ρ
 (Fig. 2). This equation expresses the measured pressure in terms of 

variables associated with the emission time. It is noteworthy that the position of the 
noise source can be measured at the observation time. This means that Eq. (3) can be 
expressed in terms of variables at the observation time for the application of MFAH. If 
the noise source emits a sound field of frequency 0hf  (this means tfi

nn
heqtq 02)( π−= ), the 

measured signal with respect to the observation time can be written as 
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where )()( , tXXtr nSn

ρρ
−=  and )(tnθ  denotes the angle between huρ  and )(trn

ρ  at the 

observation time (Fig. 3). 
 This equation represents the measured signal by a line array of microphones 
affixed to the ground. We denote it by );,,( tzyxp mmm

ms
m , where subscript m means the 

pressure in the measurement coordinate. Then we can obtain the sound field in the 
hologram coordinate [ );,,( tzyxp hhh

ms
h ] by using the relative coordinate transformation 

12,13, that is, 

 mhmh xtux += / , mh yy = , mh zz =  (where 0=mx  and Hm zz = ). (5) 

Therefore, the relation between the pressure in the measurement coordinate ms
mp  and 

the pressure in the hologram coordinate ms
hp  can be written as 12,13  

 );,,();,,0( / tzytuptzyp Hhhm
ms
hHm

ms
m =   (where uuuu hmhm −=−=/ ). (6) 

It is obvious that the measured pressure ( ms
mp ) cannot correctly express a true sound 

field in the hologram coordinate. The obtained hologram by MFAH will have errors due 
to the effect of moving noise sources. From Eqs. (4) and (6), we can obtain the 
hologram as the complex envelope of the measured signal 13,16 



  4/8, Park 

)2exp();,,(

)2exp(
1

sin1cos
exp

sin1
);,,(

00

02

22

0
22/

tfifzyxP

tfi
M

MM
ikr

Mr

qtzytup

hhHhh
ms

h

h
nn

n
n nn

n
Hhhm

ms
h

π−×=

π−×













−

θ−+θ

θ−
= ∑

∞

=

    (7) 

where ∑
∞

=














−

θ−+θ

θ−
=

0
2

22

220 1
sin1cos

exp
sin1

);,,(
n

nn
n

nn

n
hHhh

ms
h M

MM
ikr

Mr

qfzyxP  is 

the hologram. Notice that [ ] 2/12
,
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,

2
, )()()( nSHnShnShn zzyyxxr −+−+−=  represents the 

distance between n-th noise source [ ),,( ,,, nSnSnS zyx ] and a point on the hologram 
[ ),,( Hhh zyx , where tux hmh /= ]. nθ  denotes the angle between nr and hx  axis.  
 Next examines the hologram that can be obtained by scanning a line array of 
microphone over the surface of interest. In this case, we assume that the sound source 
does not move, but there is the same relative motion as discussed in the previous section. 
We assume that a line array of microphones moves in the negative X direction with 
subsonic speed u . Equation (1) provides the measured pressure by the moving line 
array of microphones, which we denote by ),( tXp mm

ρ
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where SXtXtr
ρρ

−= )()( . Notice that mmp exactly express the sound pressure in the 

hologram coordinate by Eq. (5) (See reference 16 for details). This means we can obtain 
the true hologram, which we denote by );,,( 0hHhh

mm
h fzyxP ,  
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where nnnhHhh
mm
nh rikrqfzyxP )exp();,,( 0, =   for Λ,2,1,0=n . 

 Now the effect of a general moving noise source on a hologram can be obtained 
from Eqs. (7) and (9), 
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Note that this is an approximated expression that is valid for 1<<M  and nSiMkxe ,−  is a 
constant 16. This equation shows that the magnitude error is proportional to 2M . 
Equation (10) also states that a phase error depends on the velocity of the noise source 
(or, M). In other words, the phase error is proportional to M, therefore "1st order error", 
but the magnitude error is order of 2M , therefore 2nd order error. 
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3. EFFECTS ON A PREDICTED SOUND FIELD AND A METHOD OF 
CORRECTION  

 The phase error can be easily expressed in the wavenumber domain by using the 2 
dimensional spatial Fourier transform. In the wavenumber domain, Eq. (10) can be 
written as 
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Note that XYF  and ∗∗  denote the 2 dimensional spatial Fourier transform and a 2 

dimensional convolution. P̂̂  denotes the wavenumber spectrum. Then, the predicted 
sound field can be estimated by multiplying the propagator 1 and taking the 2 
dimensional inverse spatial Fourier transform, that is 
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where 0z  denotes the z-coordinate of the prediction plane. It is noteworthy that the 
error tends to be zero when 0→M . This equation enables us to identify the effect of 
the moving noise source on the predicted sound field.  
 The magnitude error on the prediction plane is equal to that on the hologram. We 
overestimate the magnitude of the predicted sound field. However, this can be neglected 
if M  is much smaller than 1 (M<<1). The phase error gives more undesirable effect on 
the predicted sound field. It not only changes the initial phase of monopoles but also 
shifts the wavenumber spectrum [ );,,(ˆ̂

0, hHyx
mm
nh fzkMkkP − ]. The shifted wavenumber 

spectrum changes the distribution of plane waves, which consists of the sound field. 
Therefore, this will distort the image on the prediction plane.  
 However, the errors due to the shifted wavenumber spectrum can be readily 
corrected if the velocity of a noise source can be measured. This is possible by 
multiplying hiMkxe−  by the obtained hologram [Eq. (10)]. This recovers the true 
wavenumber spectrum. Then, the corrected sound field in the prediction plane can be 
written as 
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where );,,( 00, hhh
mm
nh fzyxP  denotes the true sound field of each monopole on the 

prediction plane. This equation shows that we obtain the sum of the monopole sound 
fields whose initial phases are changed due to nSiMkxe ,− ( Λ,2,1,0=n ). However, this can 
be neglected when the monopoles are distributed in a compact region 
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( 1/, <λnSx , Λ,2,1,0=n ). 

4. NUMERICAL EXAMPLES 

 The effects of moving noise sources on a hologram and a prediction plane are 
studied by means of a numerical simulation. We used two moving monopole sources 
whose initial phase is in phase with each other. The distance between them was λ. We 
also assumed that they move along with the positive X  direction and a microphone 
measures the sound pressure in farfield (Fig. 4). The distance between the source and 
microphone is also λ (see Fig. 4). Figure 5 shows the errors according to four different 
velocities. The velocities are 0.05, 0.1, 0.2, and 0.3 in Mach number, respectively. 
Figures 5(a) and (b) show the magnitude and the phase of the hologram. These illustrate 
that the errors in magnitude and phase become significant as the velocity of the noise 
source increases. Fig. 5(c) shows wavenumber spectra on the hologram. The faster noise 
sources, the more wavenumber spectra shift. Figure 5(d) shows the magnitudes of 
predicted sound fields in the source plane. This figure demonstrates that the error in the 
source plane cannot be neglected for high-speed sources ( M >0.1 ). However, Fig. 6 
demonstrates that this error can be extensively reduced by using the proposed correction 
method. The corrected hologram is shown in Figs. 6 (a) and (b). Notice that the phase 
error can be compensated for [Fig. 6(b)]. This phase correction is also able to reduce the 
shift of wavenumber spectra [Fig. 6(c)] so that we obtain desirable results in the 
prediction plane [Fig. 6(d)].  
 

6. CONCLUSIONS 

 The effect of moving noise sources on MFAH was investigated and a method to 
correct this effect was proposed. In this paper, we showed that errors on the predicted 
sound field are dependent on the velocity of noise sources. Numerical examples 
illustrate these errors and the feasibility of the correction method.  
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FIG. 1  Three coordinate systems           FIG. 2  Position vectors at emission time 
 
 

      
 
 
FIG. 3  Position vectors at observation time       FIG. 4  Simulation configuration 
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FIG. 5 Errors on hologram anda predicted sound fields according to the velocity of noise 
sources. 

 
 
FIG. 6 The feasibility of correction method on hologram and predicted sound fields. 
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