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INTRODUCTION

In the control of low frequency noise active attenuators are Bet to play an
increasingly important rdle. With very few exceptlions the transduction of the
electrical to the cancelling acoustic signal is accomplished by means of a
loudspeaker. The requirement for highly accurate control of signal amplitude
and phase places stringent demands on the elements of an active nolse control
system and whereas this 1is comparatively easy to achieve with most of the system
elements, commercially available loudspeakers fall short of the performance
needed unless modificaticns are made. In order to know what modifications must
be carried out it is necessary to understand how the parameters governing the
loudspeaker's response are connected and in particular their criticallity at
different parts of the spectrum. Although equivalent circuits for loudspeakers
are described in the literature, the model presented in this paper has been
developed to express, in an analytical marner, the acoustic pressure developed
as a function of the applied input voltage. The transfer function derived can
be directly applied so enabling particular frequency characteristics to be
engineered. The accuracy of the model has been checked by measurement and the
experimental determination of the various loudspeaker parameters will be
discussed.

MODEL DERIVATION

The model is based on the application of fundamental physical rules to the
motion of the component parts of the loudspeaker (Figure 1) and an analogous
electrical circult of this {(Figure 2) is well known from the literature [1,2]).
Taking the elements from the block diagram of Figure 1, the equation of motion
for the loudspeaker cone can be derived ylelding:
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where Fﬂ is the driving force generated by the electromagnetic induction in the
volce coil. From this follows the relation between the acoustic pressure
produced and the applied input voltege which for periodic signals gives the
transfer function:
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Equation (2} is the general form of the transfer function. However the
radiation impedance, Z g4, depends upon the mounting of the loudspeaker and thus
the function must be adapted for a aspecific configuration. This has been done
for the case of the loudspeaker mounted in an infinice baffle. A general
expression for the radiation impedance of a baffled piston in three-dimensions
i5 unnecessarily complicated for the purpose of the model and consequently
simplification to one-dimension (i.e. axial) has been made. The acoustic
impedance at an axial distance r from a baffled piston of radius a is given by

[3]:
[-—jkr —jk/r2+a2:| 1‘
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Z(r,o,t) = pg ¢ (3)
as T + 0, Z{r,o,t) + Zypaq
glving Zrad = pg € [2 sin? tka + § sin ka] (4)

For a typical low frequency drive unit ka<<l at low frequencies. Thus equation
(4) simplifies to:

Zrad =Po € aZ §2 _ as (5)
202 c

substituting this into equation (2) gives:
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Three of the parameters contained in the time constants 35 to Tg cannot be
simply measured since they are compound variables from various elements of the
loudspeaker. These are the mass m, the spring constant K and the damping A.

The mass m is an effective mass:

Teff = Weone + Dair at back of piston * Mair at front of pisten (7

With the loudspeaker mounted in an enclosure, Beranek [1]) gives an empirical
expression for the air loading on the piston which substituting intc equation
(7) gives:

2 2

Deff = Deone + (48} B'Po + (as) 0.23 (8)
na a

B' is a constant dependant upon the dimensions of the back enclosure.
The effective spring constant K is composed of the mechanical suspension coupled
with the air compliance and is related to the effective mass by: ’
Keff = Wo® Deff < (9)
where wg 1s the resonant frequency for the loudspeaker mounted in the
enclosure.

The damping M is an effective damping term:

Aeff = Asuspension + Aair in back enclosure * Mair in front of piston 19

Substituting the non-suspension terms shown by Beranek [1] gives:

heff = Aguspension * AS2Raeoustic of + 85%Rpa4iation of (11)
back enclosure front of piston

Equation (6) is the analytical function relating acoustic pressure at the
loudspeaker piston surface in an infinite baffle to the input esignal voltage.
This can now be extended to give an expression for the pressure developed at a
distance, r, on axis from the piston surface:

17 (r,o,t) = |H(s)I.|Vigl. sin dkr (i+{ajr)2 -1) (12)
sin dka

This expression represents the model of the loudspeaker and enables the effect
of changes in particular parameters to be assessed.

EXPERIMENTAL VERIFICATION

Two loudspeakers have been used for testing the model: a KEF Bl3Y drive unit and
a SEAS 33F KWA unit.

For both these units the required model parameters have been measured and the
resultant pressure predicted by the model has been compared with the on-axis
sound pressure amplitude response measured under anecholic conditions,
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The model has been derived for a loudspeaker mounted in a baffle of infinite
extent thus predicting radiation into a half-space. For practical reasons the
units have been built into enclosures with the consequence that the radiation is
no longer testrained to the half space. Therefore for sensible comparison, the
unit's directivity must be taken into account and appropriate correction
applied. To calculate this correction the on—axis pressure response has been
measured both in front and behind the loudspeaker. This results in an
expression for the Bound pressure level as if radiation were into a half-space:

Linto half-space = Lirontal * 20 logig Lfrontal * Lback (13)
Lfrontal

The values obtained from thls expression represent the corrected sound pressure
from the loudspeaker and therefore can be directly compared with the levels
predicted by the model.

as far as possible the parameter values for the model have been experimentally
determined. Where this has not proved feasible, values have been taken from the
manufacturer’s data.

- The radiating surface area was measured as the piston surface area in
combination with an equivalent radiating area corresponding teo the outer
piston suspension.

- The Bl-factor was statically determined by applying a known force to the
piston and measuring the DC current required to return the piston to its
equilibrium positieon.

- The electrical resistance was measured using a standard bridge, but direct
measurement of the inductance was not possible due to the emf generated by
the motion of the volce coil in the magnetic field thus resulting in an
erroneous value for L. TFor this reason the inductance was assumed from the 1
manufacturer's data.

- Since a direct measurement of the loudspeaker’s moving mass was only
possible by dis-assembly of the drive unit, the manufacturer's data was
again used to provide a value for mggpe: With this, the effective mass,
Waff, Was calculated from equation (8).

- The spring constant K was then determined from equation (9) using the
calculated value for meff and the measured resonant frequency of the drive
unit mounted in the enclosure. 1

- As the damping governs the broadness {Aw) of the rescnance peak, its value
can be determined from the electrical impedance curve of the loudspeaker in
its enclosure by:

hoff = Lo Moff (14)
Q

vhere Q = wg/hw,

The value for the damping parameter in the model is heff less the last term of
equation (11)}. However for the cases of the lovdspeakers presented In this
paper this term is negligible.
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By substituting the values of these parameters Iinto the expressions for A, and
15 through tg the relative significance of the terms in the transfer function
{equation (&)} can be assessed for different frequency ranges. Ignoring the
insignificant terms then gives:

for £ <500 Hz : H(s) = as? (1 - Bs) (15
830 3+ 527 2457 41
6 7 B

for £ <00 Hz : H(s) =~ as? (16)
821 2 +51 +1 :
7 -]

with a = p, ¢ & BL and § = &
c RKeff 2c

The loudspeaker amplitude response derived from equation (15} was then compared
with measured results for both the KEF and SEAS units.

COMPARISONS AND CONCLUSIONS

The measured free field on-axis response for the ¥KEF B139Y unit is shown in
Figure 4 together with its directionality corrected curve and the model
response. Up to approximately 350 Hz the agreement is good with a maximum
deviation of 2 dB., (With the limitations imposed by the: anechoic chamber, the
accuracy of the free field response measurements cannot be guaranteed below

30 Hz). Above 350 Hz the measured response 15 seen to deviate significantly
from the model and an explanation for this could be that the loudspeaker cone-is
no longer behaving as a rigid piston. In order to further check the validity of
the model a second loudspeaker (SEaS 33F KWA) with substantially different
parameter values was measured. The results are given In Figure 5 and again good
agreement was obtained., To illustrate the value of the model, Figure & shows
the effect of changing the cone mass and effective spring constant of a
loudspeaker on its predicted amplitude response.

The model discussed in this paper has been found in general to be a good
analogue of the low-frequency behaviour of a loudspeaker. The facility for
being able to judge the effects of altering loudspeaker parameters constitutes a
powerful tocl in tailoring the acoustic response for particular applications.
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Figure 1 : Block diagram of a loudspeaker.
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Figure 2 : Equivalent electrical circuit of a loudspeaker.
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Figure 3 : Loudspeaker directionality correction factor (CF),
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Figure 4 : Response of the KEF Bi39 (—); corrected for directionality |
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Figure 5 : Response of the SEAS 33F KWA (—); corrected for directionality
(~--) and response predicted from the model (----),

274 - Proc.!.0.A. Vol 7 Part3 (1985)



Proceedings of The Institute of Acoustics
A LOV FREQUENCY LOUDSPEAKER NDDEL

spl
{dB) 1004

i
T T ¥

4 - 4
t T —p—

5 10 20 50 100 200 500 1
freq.(Hz)

Predicted response of KEF B139: ummodified (—), doubled cone
), doubled cone mass and halved effective spring constant (---),

Figure 6 :

Proc.l.O.A. Vol 7 Part3 (1985)

275




Proceedings of The Institute of Acoustics

276

Proc..0.A. Vol 7 Part3 (1985)



Proceedings of The Institute of Acoustics
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OVERVIENW

In the context of homs hi-fl, or even public address, "high power' can mean =
faw hundred watts. Thie paoper discuoses spesker systems of up to 50,000 watts
nominal power. In this context, the powar is the electrical V A fed out of tha
amplifFlar to the speakers snd not the ectusl scoustic eutput. The ususl use for
such high power arreys is for open sir rock concerts but the same coneepts ars
also used for certain military tasks or where long distance sound transmlssion
is reguired for simulation or modelling of proposed large industrial
installations.

BACKGROUND

Whan electronics started to come into music the first intreduction was in the
dance bands of the late '40s with = 25 wett amplifier Ffor the Melsctric
guitar'. At about the same time the very crude public sddress systems were
being improved using line column speakers instead of horns te get some
semblance of Flatness. The next stage on the road was the 3-guitar groups of
which the Beatles were the best known, The 3 guitar amplifierse were of the
prder of 5S0/100 watts each and contemporary measurements suggest levals of
95d8A were typlcal.

By the late '60s/eatrly '70c "wells" of cpeakers had started to bhe bullt in the
sttempt by each "heavy' band to outgun sach other. Now levels of 110dB were not
uncommon. Indeed, in 1972 an Austrelian bend waes measured by one of the
euthers, playing st a fairly constant level of 122dBA., At the tlme a large
discc company wes sericusly thinking of putting this band into @ noise
sengltive club, They tried it for two nights. The predicted digaster resulted
and as a direct result the club was sventually sold.

Rental companles heve slways played a big part in the entertainment world, but
it wes around this time thet they came into pra-eminent positions, The cost of
tha blg eystams was becoming too expensive to buy For any except the richest
groups. Thus, rental became the norm for one day events and also for whole
tours. Rental could be just the equipment, but more usually, for events of the
magnitude wa sre discussing it included the crew to run the system.

From the early days rental compenies faced a dlacotomy of interests. On the one
hand renting out inefficlent walls was superficlally rewarding in terms of
immediate proflt, bHut on the other hand a reputation for clean sound produced
by a amell efficient system would preobably be rewarding long term, even ‘though
in the short term not =so attractive.
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While each company took 4it's own commerical decieions, an extarmnal factor
crapt in around 1972, This wes, of courss, nolse pollution. By 1973 +this had
bullt wup to such an extent that citizens action groups ware actively working
against the major open alr rock festivals. Indeed, they had good resson For
this, as no real attention was paid to environmental problems by many event
organlsers. All efforts were directed towarda the band's requirements. The
argunent was, and to some extent still is, that they are the stare snd
everything must be done to keap them happy. This is no diffFerent to the problem
Hollywood has faced for helf a century,

In 1975 Entec and Clrrus Research started a project to evolve B new method of
satting up the speaker stacks with three objects in view. The work was
undertaken for the National Jazz Federation who sre the orgsnisers at Reading
Rock. The N.J.F. have elways had an enlightened attitude to tachnical problems
end for them, noise control was a technical problem which required both
englneering and socio-politicel inavestigsations. Thus three problems were
defined on an engineering front, with the non-englneering problems left open
anded.

Firstly, the sound quality had to be ilmproved. This wes dafined for these
purpoees as improving the systam transparency. A totally transparent system,
i.e. one which simply makes the level higher, is not what rock groups want,
Howaver it was & necessary First task on the way to mesting their exact neads.

Secondly, +the eaxternal sound Field hed to be reduced as much 8s possible.
Ideally down +to the lavels of BS 4442 - @8 maximum of =ay 6dB above the
background levels. At the time this seemed an impossible task, as levels 3D&BA |
sbove the background were common and there really was no concensus that thought
should be given to the exposed populetion. While the projsct was funded by the
N.J.F. the pressure was on them from the local council; who were not only the
statutory adihority, but elso the landlord of the Festival site.

Finally, the =system should bse more controllable with more predictable
performance. While this would seem a gtatement of the obvious, in truth it is
not. There was =8 large body of opinion that wanted the mystique of B syztem
that needed 'expert’ handling. A controlleble system would also be msasier to
usa if the environmontal lobby became even more powerful., At the very least we
would have the knowledge of what was possible and bes able to make ratlonal
judgements on Bny new proposed site, In 1985 this seems obvious, but in 1873
no-ong had any real ldea whet could be achieved, least of all the project team.
It was hera that the social surveys and non engineering matters would come in.

At the outset it was clear thet sudden revolutionasry changes were not the way
to proceed. Certalnly the bands would not like to fFece a new system when they
arriva to parform and indeed it was not reasonable to ask them to do so at thst
tlme. They have for sale an image end & sound, Should the sound system not be
what they expect they naturally feel annoyed. Thus, the balance botween good
clean sound with good attenuation was and is very delicate. One must add to
this the natural conservation of the group management and sound crew, This
conservatism 4is neturel when the ephomeral neture of the commodity is
considered. Indeed, from <the polnt of view of bends, It is the only possible
response.
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PROGRESS

Betwaen 4974 and 1977 the technigue was to ralss the height of the speaker
systams with heavy amgling. This was to essentially make o curved front aystem
rather after the manner of a frasnel lens. Thera was much argument that this
gave diffarent results to 'mormal', but objective tests showed that the sound
was cleanar with much less interference between individual units and therefore
less random sound lobea, Of the authors one has 2 classicael muslcael bent, while
the other is trained in mixing for rock groups., This liaison did give certain
advantages in s=etting up systems 8nd in resclving erguments when a bands
manager claimed "The sound is wrong'. It very rarely wss. However we cannot
pretend that the early days were sasy. It toak 3 long time for the two authaors
to be able to communicate at any sensible level, they had different perceptions
of reality end the priorities involved and until these were merged, or at least
totally understood, progress was slow,

SUDDEN CHANGE

In 1978, for reasons unconnectad with thls paper, the system was taken back o
the ‘*wall'. Natuyrally the environmental gains of the previous two years were
wiped out zt & atroke, The N,J.F.and the council together decided that =&
totally radical system should be implemented forthwith and that in future no
system could be used without the prior approval of the noise control team. This
by now included the two awthors and the Environmental Health Officer
rasponsible for the festival, This joint programme produced rapid results,

CURRENT SYSTEM

In 1979 the new method of setting up was accordingly put into plece. This
gsystem, the result of much effort, was simple in esserce but complex in
realisation. Each stage source, be it drums, voice, guitar speaker, organ
etz., is fed into a separate microphone. Each microphone signal is then passed
down on a cable to a mixing dask at the side of the stage and a second mixing
desk some 50m out in the audience. Up to 32 channels are routinely employed,
Esch channel has totally conventional studio centrol of tone ete., In fact the
mixing desks would be perfectly at home in a studio. The separate channels are
then sub-grouped; Bagain with tone gontrol; and grouped again down to 2 single
channel in elther mono or stereoc. This processed signal is thenm fed to digital
delay uwnits and passed to separats speaker stacks in two lines out from the
gtage.The basic block is shown in Fig.t

d_u_—_ KN SUB D1 AL ::; S ey |5, I"‘;:—P'" 5
DELAY [ TEARE R
ot S T O il (Y P = G SH
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"
XN svB To FoLe BRLy
ToME [ fadove [ ] mowd [ lcRstevet [T ames
o Fig.1 Signal path
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Proc.|.0.A, Vol 7 Part3 (1985} 279



Proceedings of The Institute of Acoustics
SETTING UP HIGH PONER SPEAKER AHRA+S FOR ROCK FESTIVALS

Each speaker steck has 8 5 channel crossover in approximately double octave
bands. The output of sach crossover ls fed to high power = 500 watt linear
amplifiers which in turn Faed speakers.

Thus, the systam has a series of individual sources each controllsbla in time,
frequency response and spatial directionality. Eech source 1s at a much lower
leval than would be the case of e single stack and because of heavy arigling,
the top of the radiation angle ie just below the horlzontal,

Esch double band on each tower had two amplifiers to give a safety margln, thus
the system had 9 stacks with at least 8 empllifiers per stack, making a total of
96 amplifiers (including Ffoldback) each of about S00 wstts, all running
together. A total of 264 speaker cabinets were involved in the system,

This then is the main PA system which has to be measured, tested and set up as
a working whele. Fig.2 shows the delay tower arrangement.

g 4

DeLdYy TowERS

MILING i.‘ [
,

TQWE R P SE M

NN R\

Fig.2 Delay tower arrangament

The second mixer, on stageside, is to give 'foldback' to the artists on stage.
Clearly st the levels in use and the propensity of the ertist to move about
carrying a microphone, a complex tona control mix is needed to prevent acoustic
feedback., Thie ls dome with third octave Filters in each Faoldbeck or monitor
speakar and the curve adjusted by trizl and error until no thowl'! s
perceptable, ' The stageside speakars sre complimented by 'wedges' at the stage
front, These are the obvious signs on T.V, of the system, The sidefill speakers
originally piled on top of easch other in & haphazard manner, are now caresfully
arranged in line column with appropriate spacing to keep a wide Flat beam
across the stage with 8s little spill into the surrounding area &8s possibls.
The total power of the stage monitors is of the order of 12% of the whola.
Howaver, in 1980 the stage monitors were ident]fied s the main component in
the ascaping noise, hence the attention to careful stacking. Reading had an
*extra problem in thet two stages are in use to give continuous music. Thus each
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microphone and mixer was dupllicatad for each stege, Finally coming together at
the input to the delay unlts, The fFoldback system stayed independant on esach
stage. In use one stage is sound checked whlle a band ia performing on the
other. This redquires 2 highly trelned crew and really good noise cancelling
microphone intercom units to talk to the stage belng set up. Remember the
normal ambient level is well over 100dBA.

STACK PERFORMANCE

When it was decided ‘to have multiple delasy towers as described, it was
necessary to carefully design the stack so that the panumbra of the speaker was
roughly parallel to the ground. In this way the rollover effect of the ground
wave would ansure that the beam in fact rever went above the horlzontel. To do
this meant the sctual dispearsion pattern of the speaker stacks be khown, The
varlous manufacturers of the horns, bhins and drivars were econsulted, but it
soon became clear the data did not exist. Or if it did, no-one would admit to
it. Acgordinmgly a simple experimsnt was set up to measure the actusl radistion
angle. This is a perfectly =imple, totelly routine thing to do in the
laboratory. However, when half a tonne of speakers with & threat area of 5
aquare me%res is involved, the task iz somewhat more difficult. The experiment
was Finally done using the biggest fork 1ift truck avallsble to hold and
elevate the stack, while the measurements were made in the bucket of & 'charry
picker' of the sort used to change street light bulbs. At times 1like this, a
good case can be made For scale modelling.

Having obtained the data it was a simple matter teo design the speaker stacks
such that the erea around each delay tower has a flat and even field, yet the
cut ofFf at the back of the area is very sharp.

SETTING UP THE STACKS

The First part of the setting up procedure is to get the delays correct to a
first order, Then each individual stack i3 equalised, To do this & hend=-hseld
real time analyser is used with pink nolse played through esch section, i.e.
sach double octave band in turn. Pink noiee is not the best for noise control
purposes, this ideally needs a noise shaped to the spectrum of typical rock
music, However to set up and aqualise a system, the =sound crew are used to pink
naise snd thus they continue using it.

When the head sound man is happy with each stack and it is correctly aimed For
good" attenuation, the dalays are set accurately. This is done by pulsing ths
system with a very short pulse and elther looking at the output of the audio
chanhel on an gscllloscope orf mers usually edjusting wntil no double pulse can
be heard. The tralned ears of the crew cen get it correct far qulcker than an
engineer with measuring equipment.

The fleld is then surveyed using simple sound level maters to ensure that we
have a good even fleld varying by at most 54B, Agaln ears are the best judge of
a changing mix., That is when the overall level, the vector sum, is correct but
sach individual double band is rnot. Much time is taken up by this and the
R.T.A. is very useful. In future we would be looking at a computer programme to
automaticelly plot the Field using one of the new gensratiom hand held R.T.A.
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connacted on line to the computer. This hes however not yat been tried in s
real situation.

ENVIRONMENTAL TESTING

At this stage the team leaders chenge hats and start the formal testlng for
propagation in the #far fleld. In thle case the far field ls not the classic
definition, but the Fisld cutside shouting range. Hers the radic links have
transformed the task., What used to take all day, is now the work of an hour or
s0.

Tha stacks are individually fed with the simulated pink rock wsing the curve
described by Griffiths or ln some locationg pink noiss. The output is held at
the game Leq for @ minute or so and the several coperators in the field take
simultanecus measurements. These are reported back by radlo and the results
plotted.

If all is aa predicted and for the last 4 or 5 years this has bean the cass,
tha whole system is then checkad, all at once, on full power, Thls is the acid
test. IF the total attenuation is as designed, all that remains is to plot each
single double band for reference purposes. If not, adjustments have to be made
end the tests repeated, OFFficially at this time, the local environmental health
officer is invited to repest the test. However st Reading and in the G.L.C.
area the officers have not only been with us while we carriad out our tests,
but usually have lent personnel and equipment to spaed up the task. Thus they
can bs reasonably satisflied that all is as it seems.

Occasionally, local politiciens have complalined that this lisison batween the
poacher and gamekesper takes away some right of the council to take action if
things go wrong. The supposed srgument L1z that the promoters will claim that
the council gave advice and the arror is & direct result. In fact nothing could
ba Further from tha truth, The sole psrson responsitle should be the
consultant, or if one is not employed, the head of the sound crew. No matter
what help the council give, it must be the clear duty of the consultant to be
responsible and nothlng can take away the statutory rights end duties of the
counclil. .

RESULTS

The results of all this have indeed besn impressive., The sound guality is as
good as or better than the best of home hi-fi units. Neturally when delays are
used, the only echo free area ls in @ stralght line down the centrs. In actual
use, the scho doeee not pase a problem and the predictions of Britsh Rail sound
have proved groundless.

On the environmental front, the results have been better than predicted., The
levels out in the surrounding area are of a lower level than the unmrestrained
sudience applausa, Clearly, that is all that can be sensibly achieved unleas
staps are taken to silence the sudience. As for being predicteble, the third
target, the noise team can modify the mix on-line during the performance in the
certain knowledge that adjustments will give the required results out in the
field.
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