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A note on measurement of sound pressure with intensity
probes®

Peter Juhl)
Physics Department, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark

Finn Jacobsen®
Acoustic Technology, @rsted DTU, Technical University of Denmark, Building 352, @rsteds Plads,
DK-2800 Kgs. Lyngby, Denmark

(Received 1 December 2003; revised 8 March 2004; accepted 8 Jung 2004

The effect of scattering and diffraction on measurement of sound pressure with “two-microphone”
sound intensity probes is examined using an axisymmetric boundary element model of the probe.
Whereas it has been shown a few years ago that the sound intensity estimated with a
two-microphone probe is reliable up to 10 kHz when using 0.5 in. microphones in the usual
face-to-face arrangement separated by a 12 mm spacer, the sound pressure measured with the same
instrument will typically be underestimated at high frequencies. It is shown in this paper that the
estimate of the sound pressure can be improved under a variety of realistic sound field conditions by
applying a different weighting of the two pressure signals from the probe. The improved intensity
probe can measure the sound pressure more accurately at high frequencies than an ordinary sound
intensity probe or an ordinary sound level meter.28004 Acoustical Society of America.
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I. INTRODUCTION though the sound intensity is accurately estimatéthder-
estimation of the pressure-intensity index may cause the op-

Thg dommatmg principle for measurement of sounq "N"erator to accept inaccurate measurements. Thus, the purpose
tensity in air employs two closely spaced pressure micro-

. g . of this paper is to examine how the sound pressure is esti-
phones and is based on approximating the gradient of th bap P

fhated by a conventional intensity probe in various sound
sound pressure by a finite differentén the early 1980s it fields anyd if possible, to improveyth% estimate

was shown experimentally that the face-to-face configuration
with a solid spacer between the two microphones is particu-

larly favorable? In 1998 it was found that the effect of scat- 1. THE FINITE-DIFFERENCE ERROR
tering and diffraction tends to counterbalance the finite-
difference error under virtually any sound field condition that
can be encountered in practitét. was shown that the prac-
tical upper frequency limit of a sound intensity probe based p=(p;+p»)/2, (D)

on two 0.5 in. microphones separated by a 12 mm spacer in a A :
: C o wherep; and p, are the pressure signals as sensed by the
the face-to-face arrangement is about 10 RHzhich is b1 P2 P g y

. o . microphones of the probe. Here and in what follows the caret
about an octave higher than t_he fTeq“e”CV limit determlne%dicates an estimated quantity, which may differ from
by the flnlte-dlﬁerencg approxmatl_dr?. . “true” value because of diffraction, scattering, and the finite
One of the most important indicators for evaluating thedifference approximation. The axial component of the com-
blex particle velocity(the component in the direction of the
line that joins the acoustic centers of the two microphpies

The complex sound pressure at the center of the probe is
estimated as

is the pressure-intensity indgxhe normalized ratio of the

mean square pressure to the intensity in logarithmic form
This quantity, which can be determined with the intensity  0,=(P1—P2)/(jpckAr), 2
probe during the measureménteflects the acoustic condi- wherec is the speed of soung, s the density of airk is the

tions of the measurement and provides important informatiof} v e number. andr is the acoustic distance between the

about the_ influe_ncg of phase_ mismgl&Determining_the microphones. This leads to the following expression for the
pressure-intensity index obviously involves measuring the,qiimated sound intensily:

sound pressure. However, experimental results have indi-
cated that the sound pressure level measured with a typical |,=Im{p.p5}/(2pckAr). 3)

intensity probe tends to be too low at high frequencies EV€he finite-difference error of the intensity is due to the com-

bined effect of Eqs(1) and (2), i.e., the effect of replacing
dportions of this work were presented in “Sound pressure measurementge pressure at the center of the probe with the arithmetic

with sound intensity probes,” Proceedings of 18th International Congres ; ; _
on Acoustics, Kyoto, Japan, April 2004, fnean of the two pressure signals and replacing the true pres

bElectronic mail: pmjuhl@fysik.sdu.dk sure gradientp/dr with the finite differenceAp/Ar (al-
®Electronic mail: fla@oersted.dtu.dk though the term “finite-difference error” seems to refer only
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FIG. 2. Geometry of sound intensity probe used in the numerical model.
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field response and the free-field response was almost exclu-
sively due to diffraction. The effect due to the finite imped-
ance of the diaphragm was found to be less than 0.1 dB in
this frequency range, and this effect is therefore ignored in
the present work. Although the model of the microphone is
axisymmetric, nonaxisymmetric sound fielggich as plane
wave incidence from other directions than the microphones’
axis of rotation can be handled by taking advantage of the
fact that a nonaxisymmetric diaphragm movement does not

result in an electrical signal from the microphoh&he ac-
FIG. 1. Finite-difference approximation error in a plane wave of axial inci- curacy of the BEM calculation for a single microphone was
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dence with a microphone separation distance of 12 mm.—, sound intensit)éstabnshed by Comparing the calculations with very accurate
---, sound pressure.

experimental results.

The BEM model was extended to calculations for an
intensity probe in Refs. 3, 8, and 9, and this model has been
dence the finite-difference error in the estimated intensit){_jsed in the present work. The probe is modeled as a Cy”nder
(the ratio of the estimate to the true intensity ignoring scatwjith a diameter of 12.7 mm, rounded at both ends. Each
tering and diffractioh can be shown to Be

to the latter approximationFor a plane wave of axial inci-

“microphone” is 31.8 mm long; there is a 1.1-mm gap be-
. sin(KAr) tween the “diaphragm” and the spacer; and the “12 mm
Ir/IrIW, (4)  spacer” is actually 10.9 mm long—see Fig. 2. The two mi-

crophones and the spacer were modeled using 69 quadratic
whereas the finite-difference error in the estimated pressurelements and 141 nodes. At 12.5 kHz, which is the upper
F)
is

frequency limit of the present study, this corresponds to
(5) about 22 nodes per wavelength, which is safely above the

. . o rule of thumb of using six nodes per wavelength. All fre-
As can be seen from Fig. 1, both expressions indicate undeguencies considered in the following are below the first char-
estimation at high frequencies. However, the numerical andcteristic ~ frequency of the

boundary  element
experimental study described in Ref. 3 demonstrated that faprmulation®**and therefore no special care has been taken

a wide range of sound field conditions scattering and diffracto avoid the nonuniqueness problem.
tion effects almost completely cancel the finite-difference er-
ror of the intensity.

p/p=cogkAr/2).

The model of an intensity probe may give rise to nu-
merical problems because of the close surfaces of the micro-
With a 12 mm spacer between the microphones(By.

phones and the spacer. This problem was addressed in Ref. 8,
predicts a finite-difference error of the sound pressure ofyhere a method of dealing with such close surfaces was
about 1 dB at 4.3 kHz in a plane wave of axial incidence.presented and validated. The use of the model for simulation
However, it may be expected that the increase of the pressueg intensity probe in sound fields of practical relevance was
due to scattering and diffraction will compensate for thepresented in Ref. 3, in which the predictions of the numerical
finite-difference error at least to some extent. model were found to be in very good agreement with experi-
mental results.
IIl. A BOUNDARY ELEMENT MODEL _Figure 3, which is adapted from Ref. 12, pr_esents a com-
parison between measured values of the weighted pressure
The boundary element methodEM) based on the

increase at the two microphones in the prothe two free-
Helmholtz integral equation is particularly suited for solving field corrections and the corresponding calculations for a

acoustic scattering and diffraction problems. The presenplane wave at axial incidence. It can be seen that there is

work evolves from earlier work. In Ref. 7 an axisymmetric excellent agreement between the measurements and the

BEM model of a condenser microphone was presented, anchlculations—the maximum deviation is about 0.1 dB.
it was shown how the outcome of a BEM calculation, which

One of the purposes of the spacer is to ensure a well-
both then and in the present case is a pressure distributiatefined acoustic distance between the acoustic centers of the

over the “diaphragm” of the “microphone,” could be related two microphones. For a plane wave at axial incidence the

to the electrical output of the device relative to its pressurephase difference between the two pressure signals should
field responséi.e., the free-field correction was calculaked ideally be

At frequencies more than an octave below the resonance of Ao—KAr
the microphone, which is the frequency range considered ¢ '

6

here, it was found that the difference between the pressurevhere Ar, the (acousti¢ separation distance, obviously

J. Acoust. Soc. Am., Vol. 116, No. 3, September 2004
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FIG. 3. Free-field correction of the two microphones of a sound intensity Frequency [Hz]
probe with 0.5 in. microphones separated by a 12 mm spacer for axial plane ] ]
wave incidence._Y experimenta| results reproduced from Ref. 12’ - nuFlG. 5. Error in the estimate of the sound pressure for a plane wave at
merical results. various angles of incidence:—, 0°; ---, 20°%;, 40°; -----, 60°; -@—, 80°.

should be independent of the frequency. In Fig. 4, which isangle of incidences—6; therefore angles of incidence only
adapted from Ref. 12, the effective separation distance preip to 80° are shown. It is clear from Fig. 5 that the pressure
dicted by the calculations is compared with measured value$ncrease due to diffraction partly compensates for the finite-
The figure shows twice the value afr, and the agreement difference error—for axial incidence the 1 dB limit is
between measurements and calculations is very good: theached just below 8 kHzompare with Fig. L It is also
maximum deviation occurs at 6 kHz and is about 0.5 mmapparent that at 10 kHz, which is the upper limiting fre-
which corresponds to a relative deviation of about 2% be-quency for sound intensity measurements with a probe with

tween the predicted and measured phase difference. 0.5 in. microphones separated by a 12 mm spates,sound
pressure of a plane wave of axial incidence will be underes-
IV. NUMERICAL RESULTS timated by about 3 dB.

The results presented in what follows have been calcu-
lated for an intensity probe with two 0.5 in. microphonesB. An improved estimate
separated by a 12 mm spadsee Fig. 2 The calculations
have been carried out at the one-third octave center frequewOr
cies from 100 Hz to 12.5 kHz.

Although the estimate of the pressure given by Hg.

ks very well in estimating the intensity as shown in Ref.
3, it might be possible to develop a better estimate for the
A. The conventional sound pressure estimate pressure itself. A simple estimate could be based on a

Figure 5 shows the combined effect of the finite- weighted average, as follows:

difference error and diffraction on the estimated sound pres- py,=(Wp;+(1—w)p,), we[0;1]. 7

sure for a plane wave at various angles of incidence. Th%he sum of the two weighting factors must obviously equal

model of the.probe is perfectly symmetncal about a plan.“aUnity for the estimate to be valid at low frequencies. In order
though the middle of the spacer with a normal along the axi$, find an optimum value fow a function to be minimized

of rotation. Because of this symmetry the response at a Cefust be established. Such a function could be
tain angle of incidenced (where 6=0 indicates axial inci- '

dence, is identical with the response at the supplementar w2 w2
® P PP Y G<w>=f0 ||owlfw<e>o|0/(||o|fO fw(e>d0), ®

26

which ideally should equal oney(is the sound pressure in
the undisturbed field Because of the symmetry of the probe
and the fact that two pressure responses from the individual
microphones are almost identical, the estimated sound pres-
sure for a plane wave incident at a certain angles almost
identical with the estimated sound pressurera®, in spite
of the different weighting of the two signals. The weighting
v p— T e roues factor f,,(6) gives the possibility of favoring estimates that
Frequency (Hz) work particularly well in a certain direction, for example,
_ o o near axial incidence, and this may be advantageous since the
FIG. 4. Effective separation distan¢anultiplied by 2 between the two grobe is pointing towards the sound source in typical sound
microphones of a sound intensity probe with 0.5 in. microphones separate' . .
by a 12 mm spacer for axial plane wave incidence.—, experimental resultfOWer measurememls- Figure 6 shows the maximum absolute
reproduced from Ref. 12; ---, numerical results. value of 20 logG(w)) in the frequency range from 2 kHz to

Effective separation distance (mm)

1616 J. Acoust. Soc. Am., Vol. 116, No. 3, September 2004 Juhl and Jacobsen: Pressure measurements with intensity probes
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FIG. 7. Error in the estimated sound pressure wits 0.775 for a plane
wave at various angles of incidence:(—, 0°; ---, 20°;, 40°; ----, 60°;
-O-, 80°.

. o dence. The diffuse-field response has been calculated as a
10 kHz as a function of the weighting parametercalcu-  yejghted average of the squared response at all angles of
lated for several different weighting functions. At frequen-,cidence. It is apparent that the intensity probe with the

cies below 2 kHz all estimates give good results.  improved sound pressure estimate is much more omnidirec-
Four different weighting functions are examined in Fig. tional than an ordinary microphone.

6. Because the two sound pressure signals age very similar all  gond intensity probes are sometimes used relatively
the curves are almost symmetrical aroumer . It can be  negr sources of sound. Figure@9 9(b), and 9c) show the
seen that the conventional estimate of the sound pressugor in the estimated sound pressure generated by a point

) Ve ) . )
corresponding tav=3 is not the optimal estimate with any soyrce placed on the axis of the probe at distances between
of the weighting functions. The solid curve has been calcu1g and 100 cm from its center. calculated with=0.225

lated with the weightingy(6), which corresponds to optimiz- \y=0 775 andv=0.5. It is apparent thav=0.225 leads to

ing the response for axial incidence. The dashed line corrgynderestimation and/=0.775 leads to overestimation if the
sponds to a weighting of ca§( which favors near-axial point source is near the probe, in agreement with the fact that
incidence in the optimization; the dotted curve correspondg, weighting factor of 1 simply shifts the measurement posi-
to an equal weighting of all angles of incidence between Qion 6 mm closer to the source whereas a factor of 0 does the
and 7r/2; and finally the dashed-dotted curve corresponds ®pposite. In this respect the conventional estimate with

an equal weighting of all angles between 0 and in the _(5 g clearly better, although even this one is not perfect.

optimization H is the Heavyside function It is apparent | g cases the errors are essentially independent of the fre-
that the optimum value olv depends on the sound field, as gyency.

one would expect. However, it can also be seen that values of  The measured pressure-intensity index is normally used
w around 0.2 or 0.8 improve the estimate of the sound pres-

sure significantly for all weighting functions compared with 6 (ot t T f Tt e e et

the conventional estimate with= 3. a)
Figure 7 shows the error of the pressure estimate with 1

w=0.775, which seems to be close to the optimum value for g o

all the weighting functions considered here. The figure dem- ¢

onstrates that the estimate with=0.775 performs signifi- 2 o =

cantly better than the conventional ofgempare with Fig. b g Ao

in the sound fields examined here. In the frequency range of @

concern(up to 10 kHz the error is less than 1.1 dB, and for E 6

near-axial incidence the error is less that 0.2 dB in the fre- § |

quency range up to 8 kHz. Moreover, both positive and nega- < ar

tive errors occur, and this will probably cause the errors to ﬁ..e' 2}

cancel out at least to some extent in a typical measurement

situation with a sound intensity probe. 0 T ———
It is interesting to compare the performance of the im- 125 250 500 1000 2000 4000 8000

proved estimate with that of a single microphone of the same Frequency [Hz]

dimensionsnot moumed, ona Sour_]d mtgnsﬂy prObe,' F,IgureFlG. 8. Error in the estimated sound pressure calculatethfar solitary 0.5
8 ShOWS'SUCh a comparison for axial mC'den(.?e, for mc@encq,_ microphone, and(b) the optimized sound intensity probe, witl
perpendicular to the probe, and for randddiffuse) inci- =0.775.—, 0°; -, 90°; -+, diffuse incidence.

J. Acoust. Soc. Am., Vol. 116, No. 3, September 2004
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FIG. 9. Error in the estimated sound pressure generated by a point sourc . . .
estimated with(a) w=0.225, (b) w=0.775, and(c) w=0.5. Distance be- FiG. 10. Error in(a) the conventional estimate of the sound pressuve (

tween the point source and the center of the intensity probe:—, 1 m; ---, 0 75 0.5) and(b) in the improved estimatew(=0.775) for a plane wave at

. A " various angles of incidence when phase mismatch corresponding to un-
mi-e, 0.5 M --- 025 m; 0=, 0.1 m. matched microphones has been introduced:—, 0°; ---, 209;40°; ----,
60°; -O—, 80°.

for giving an indication of phase mismatch errors in the

sound intensity, owing to the fact that phase mismatch gives

rise to an error in the measured intensity that is proportionaMicrophones separated by a 12 mm spacer. It seems to be
to the mean square pressﬂ]rm the circumstances the pres- pOSSible to improve the conventional estimate ConSiderably
sure estimate witlw=0.775, which overestimates the pres-in @ very simple manner.

sure slightly when the source is near and thus gives a con- The largest error of the improved estimate occurs at 6.3
servative estimate of the phase mismatch error, is a bettdfHz at an angle of incidence of 60°. Under such conditions
choice thanw=0.225. Nearby sourcesehindthe intensity ~the sound pressure will be underestimated by about 1 dB.
probe are unlikely to occur in normal use. However, the conventional method underestimates the sound

Microphones for measurement of sound intensity musPressure by 1.2 dB under the same conditions and is much
be phase matched fairly well, and state-of-the-art sound inworse than the improved one for axial incidence.
tensity microphones are matched to a maximum phase re- Itis not possible to improve the performance for perpen-
sponse difference of 0.05° below 250 Hz and a phase differdicular incidence, simply because the two microphone sig-
ence proportional to the frequency above 250(siy, 0.2°  hals are identical in phase as well as in amplitude. By con-
at 1 kH2.*'®This is a consequence of the fact that phaserast, itis possible to improve the estimate in a diffuse sound
mismatch in most of the frequency range is caused by differfield. Although the two pressure signals have the same mag-
ences between the resonance frequencies and the damping¥tide in a diffuse sound field and the resulting phase differ-
the two microphone¥ ence is zero the signals are not completely cohéreht.

The influence of the phase mismatch on measurement guch a sound fielsv=0.14 gives slightly better results than
sound pressure with an intensity probe has been examined #y=0.775. However, the improvement is modest indéesis
artificially changing the phase of one of the pressure signalghan 0.2 dB, and the performance for axial incidence is
The influence of the phase error of a matched microphone s#orsened —significantly: the maximum error is almost
is Comp|ete|y neg||g|b|e Figures ﬂ.@ and :|_Qb)7 which cor- doubled. A We|ght|ng withw=0.775 seems to be the best
respond to Figs. 5 and 7, show the influence of the typicapverall solution.
phase mismatch Ojnmatched’nicrophones (25° at 10 kl—)'z The Spacer Iength assumed in the calculations has been
for w=0.5 andw=0.775. As can be seen the influence of Optimized for measurement of sound intensity, not sound
such phase mismatch is fairly moderate, and the improve@ressure. In some respects it is more difficult to measure the
estimate is less sensitive than the conventional one. This is ifound pressure at high frequencies: as demonstrated by Fig.
good agreement with the fact that the effect of the phasé_ the finite-difference error is |arger, and whereas |al’ge rela-
error must disappear altogether wher- 0. tive errors in the estimated intensity are not very important
near perpendicular incidence all directions are equally im-
portant in sound pressure measurements. Increasing the
length of the spacer would not have any influence on the
estimated pressure when the probe is exposed to perpendicu-

The main purpose of this work has been to examindar sound incidence, but it would reduce the estimated pres-
whether it is possible to measure the sound pressure and thasre at high frequencies for sound incidence near the axis of
the pressure-intensity index reliably in the frequency rangehe probe. Such considerations and the results presented in
where the sound intensity itself can be measured reliablyirigs. 7 and 8 lead to the conclusion that it is unlikely that the
that is, up to 10 kHz for an intensity probe with two 0.5 in. performance could be improved appreciably by choosing an-

C. Discussion

1618 J. Acoust. Soc. Am., Vol. 116, No. 3, September 2004 Juhl and Jacobsen: Pressure measurements with intensity probes
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other spacer length—quite apart from the fact that this would 3
be unacceptable if the probe is to be used for measurement of i a)
sound intensity. — ol S
The results have indicated that a two-microphone ar- 8 .}
rangement could be advantageous even in ordinary soundg -2f
pressure measurements. It may seem paradoxical to suggesg 3[
measuring sound pressure with an intensity probe. The con- S- 4
ventional solution in ordinary sound pressure measurements &
is to use microphones designed to have a flat or nearly flat % 3 l; )
frequency response under conditions that are similar to those e 2} ®)
of the measurement. For example, “free-field microphones” ‘5 1f
are designed to have a flat response for axial incidéate & o
the expense of the response under other condijttSnsnd At .
“random incidence microphones” are designed to have a flat P P 2. S
response in a diffuse sound fiefiHowever, the comparison 126 250 500 1000 2000 4000 8000

. . . . Frequency [Hz
with an ordinary microphonéne not mounted on an inten- quency [Hz]

sity probg has demonstrated that a two-microphone arrangeriG. 11. Error in the estimated sound pressure(&raxial incidence and
ment with the proposed weighting is far better in the generalb) perpendicular incidence.—, conventional estimate=0.5); O, corre-
case. Thus such a two-microphone arrangement may haveSg°nding measurement; ---, improved estimate-0.775); X, correspond-
L . ing measurement; -, front microphone y=1).

potential in conventional sound pressure measurements not
related with sound intensity. A two-microphone sound level
meter would be far simpler than a sound intensity analyzewas measured using the 0.25 in. microphone of type B&K
and would not require phase-matched microphones. 4178, not corrected for its pressure response, pointing to-
wards the loudspeaker. Figure(allcompares calculated and
measured pressure responses for axial incidence using the
conventional weighting factow= 0.5 and the proposed one,

To examine the validity of the numerical results pre-W=0.775. There is agreement within1 dB, and the supe-
sented in the foregoing a few experiments have been carrigderity of the improved estimate is apparent. The calculated
out. A frequency analyzer of type Beli& Kjeer 3550 was response of the front microphone is also shown.
used in combination with a sound intensity probe of type  Figure 11b) shows a similar comparison for perpen-
B&K 3548, either with 0.5 in. microphones of type B&K dicular incidence. In this case the three calculated curves
4181 and a 12 mm spacer or with a 0.25 in. microphone OﬁOinCide, and the eXperimental results are also almost unaf-
type B&K 4178 on one of the 0.25 in. preamplifiers takenfected by the weighting factor, which indicates that the
out of the probe. Both microphone sets are free-field microPhysical sound intensity probe is almost symmetrical. The
phonesl Therefore, it is necessary to Compensate for the dr(@@reement between measurements and calculations is within
in the pressure sensitivities at high frequencies when th& 1.2 dB.
pressure response is needed. This was done using frequency The experimental results shown in Fig. 12 have been
responses measured with an electrostatic actuator, as debtained in a large reverberation room about 5 m from the
scribed in Ref. 3. The weighted estimate of the sound pres-

V. EXPERIMENTAL RESULTS

sure level was calculated from the two power speSiraand 3
S,, and the real part of the cross spectr@yy, as follows:
Lp(wo) =1010g pi(wo)), © g7
where r
2 1t
— W2 JwOJrAw/Z 4
wg) = — Siy(w)dw i
Py o) 7 Jog-ar 12( @) 3o
o
£
(1—W)? [wo+Awf?2 E
+—f S,(w)dw §_1.
m wg—Aw/2 £
2w(1—w) Awl2 g
w(l—w wotAw s ol
+ —f Ciow)do. (10) -2
™ wo—Awl/2

Here _the power speptra and the cross power spgctrum are -3¢ 250 500 1000 2000 2000 8000
two-sided spectrap is the center frequency, ank is the Frequency [Hz]

bandwidth.
. . . FIG. 12. Error in the estimated sound pressure for diffuse incidence.—,
The EXpe“memal results shown in Fig. 11 have be(_:‘Q:onventional estimatew(=0.5); O, corresponding measurement; ---, im-

determineq in an anec'hoic room abdum from a loud-  proved estimatew=0.775); X, corresponding measurement;, front mi-
speaker driven with white noise. The “true” sound pressurecrophone w=1).
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