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ABSTRACT

The Jing is 4 traditionat Korean percussion iestrument which plays a major 1ole in Korcan folk music. The distingishing
fealure of lhis strmnent is its unigue, long lasting low lone timbre. [n this paper. we investigaled the vibro-acouslic
characteristics of the Finp. Our attention was focused mainly on linding oul the physical variables that determine ils vnigue
sound. By onderstandmyg the way in which the Jing is manufactured, we were able Lo reabze (that the unigue manulactucing
and espectally the tuning process by expert crattsman is responsible for the peculiar timbre the Jing, produces. The exper-
imental methods implemented (o analyze (he Jing were planar acoustic holography and  direct measurements by
accclerometers. The resulls trom the bolographic icthod and the direel measureimenls were in good agreement. 1t turned
out {hat wnlike most pereussion mstruments which have inbarmonic partials, (he Jing has hiarmanie partials which are re-
sponsible Tor its unigue low-tone tmbre. rony the holographic representations of the modes. it s clear (hat the antinodes
are located i the cenler of the Jing which is concident with the ypical stoking locatton. In addition, inlensily maps were

construcled so thal the specilic acoustic enerey flow can be visualized 11 was also interesting to see the the circulation of

energy intensily which corresponds to the rotating mode of the Jing.

[ . lntroduction

The Jing is a traditional Korean percassion instrument
which produces a very unigue sound and there 5 no
match Tor it auy where i the world|[, 21 The major ob-
Jeetive of this paper is (o give a physicad explination for
all the magic behind (he Jing's unigue tmbee. Ax the first
step i our nvestigatioo, we visited o village swhere Jings
are made by expert craltsmen  and  examined  the
manulaclurng process and found oul what could be (he
answer lor the unigueness ol the Jing. IU was the unique
tuning process ol the Sing which invoived “ammering” its
plictetNote the dents and surface mhomopeneity i Fig. 1)

The hammering process was in Gict the mosi important
procedure in making the ding and this tunmg process
yeguites many vears of experience and know-hoa. Acto-
ally only few very oxperienced cnltsmen ¢n do the
luing 1L was a (ml-and-error procedure where  the
craltsman hammered o verlain part of the piate and
listencd to the tunc it produced and weni over the same
procedure repeatedly until the sound it praduced was sal-
istactory. Through carclul vbservation, we were able to
come up with the physical variables that were allfected by
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the hammering of Lhe Jing which we thought would be
responsible for producing ils unigue sownd. They were
the thickness, surface inhomogencity and material properties.
In this paper though, we Tocused our allention on the
elfect of the thickness vartation in the Jing whtch we
thought wis the magor contributor to its unigue sound,
The  vibro-acoostic charactenstics of  the Jing was
myvestigaled  experimentally. smce the sacfuce inhomo-
geneity of the hing and its complex geomelry made il
almost impossible Lo use analytical or numerical suethbods,
Fven though the Jing's nonlincarily such as (he pich
gliding is what makes it sound so unique(l], we lfocused
our allention on (he mvesligation of the lincar behavior
of the Jing,i.c. the reponse of the Jing when subjected lo
relatively small excitations. Planar acouslic holography:
which cnablcs us 1o oblain 3D ficld information from
planar measurements of the seund fields, was imple-
mented as the major experimental tool because it enables
us 10 visualize the wholc sound hield around the Jing, as
well as (he vibration modes. An cxpeeiment using acee-
leromelers was also performed in order (o compare ils

results wilh thase from the holographic method.
I[. Overview of Jing

As you can sce in Figs.[ and 2. the Jing is composed of
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i arcudar plate and a rim around i1 The hasic structure

ol the Jing tooks pretty much ke an ordinary percussion
instrument, bul alter o carcfut observation some peculiar
charactensbes of the Jing can be realized.

The manufacturing process of the Jing s delimitely
worth menhoning, smee s wnique manulacturing pro-
cess, especilly the huning process, i< the key tiactor an
determimng 1ls sound quality. ‘Ehe Tirst pact of the manu-
factunnp  prowess iovolves  hot-rolling and - hammenng
ol o lump ol brass into a Nat civeular shape ol appropri-

ale size. And then the outer edge s bent 1o form the nm

while the lump s stifl hot. Aller the basic forming pro-
. . . . ) (b} The back ol Jing
cess, albas lett in the open air 1o be quenched The follow- £
ing slep s 1he lumng process or s mentioned previounsly
“ . " L . Fig 1 Photos of Jing Note the ieregalar dents on the main plate
the “hammering process” wineh involves o trial-amnd crror

. due Lo {he hammunng process
procedare o which an expert erallsman hammers o cee-

tain part of the plate and listens 1o the sound alter cach
stroke. This pracedure is repeated  until the soumd it
produces 1s sialistactory o s cars. As can be expuected.

o 15 the most signilic b I The whole manuluctor- : . :
This s the most sigmificant parl ol the whole manuticto vibrating circular plate
ing process which makes the Jing o unique. The wregnlar

dents  ond  rough  sodbee from the hamnerng,

can be seen casily i Figs 1. With more carelul observalion

af g, 1,000 is posstble to notice thal the denls are 04m
. . <
concentraled on the outer region ol (he plate which ore v
respousible Tor the varialion in (he Thickness and the cur- 035m
| ol h
<

villure of the mam plate. From the fact that there are
more dents on the outer part of the plate, il w expected Fig. 2 Basic geometric configuration of Jing.
that the ouler part will be thinner than the inner part. In
order Lo find out the thickness vanation of the Jing, the
plate’s thickness was measured at 2% grd points in which
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the distance between the neighboring grd points were 2
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center ol the plate. This vanation in thickness 1s whal
shilts the inbarmonic partials toward harmonicity. It s a
commom knowledge that a tlat circuelar plate cannol pro-
duce harmonic sound because of ils inherently inhar-

montc vibro-acouslic charactersstics(3, 4].

[l . Experiments

3.1 Implementing planar acoustic holographyl 5-8 |

The experimental sel-up is illustrated in Fig. 4. Inslead
ol using a large number of microphones, we apphicd scan-
ning, technique(7) which only requires a 16 channel micro-
phonc array syslem. The reference microphone  was
localed as shown in Fig. 4 and the other 1§ microphones
were arrayed horizontally on a thin bar. The space be-
tween the microphones were chosen (o be tlm and the
whale array was designed o allow vertical movements lor
scanning. The lotal number of measurcment pomnts was
30 x 30 which mvolved a 15 microphone array Lo be
located al 60 different positions. Pressures were measured
al the corresponding positions for the complele scan.
Bolh the vertical and the horizontal sampling space was S
cm. The onty horizontal movement involved was shitling
the whole array system sideways by 5 em. The Jing was
struck at each new scanning positions, so that the exper-
imenl invotved 60 strokes with measurements corres-
poading to each stroke. Al this point you may be
wondering if this kind of experimertal procudure would
give a valid resultsince the sound ficld is nonstationary.
Bul, we found out that even though the field is ronsta-
tionary, the only variable that’s changing is Lhe magni-

tude of sound pressure which decays at a very slow rate.

E
)|
o
reference
microphone -
E
«
stand
ot saurce plane
S;V _(surface of Jing)
™ A

le——1m | $

microphone array
(15 microphones)

amplifier signal personal
anaiyzar compuiar

Fig. 4 Expenmental sel-up Tor the presstre measuremen(s.

Fig. 6 shaws the nonstationanty ol the ficld. It shows a
very slow decay ol SPL along the time axis and such a
slow decay validates the wse of Lhe scanning technique
described above. Thus, the sound licld can be viewed as a
quasistationary lield and this pustifies the use of the scan-
ning method which can only he applied (o stalionary
fields|7].

The Jing was struck on the back so that the rubber
pendulwm swing, used 1o simulate the mallet, wouldn't
abstrucl the pressure measurements in the front ol Lhe
Ying. (Sce Fig. 5) Tt was verilied by expertiments that
striking (he Jing on the back, inslead of the front didn't
alfect Lhe basic modal behavior of Lhe Jing as expected of
a linear syslem. {Sce Fig. 6 and 7) Thus. slriking the back
ol the Jing is justilicd. The rubber pendulum weighed
.27 kg and was released From g designaled height Lo pro-
duce a momentum of 0.3} kewfs al the peint ol
impacl. The momentum of 0.33kgm/s was chosen so that
a linear response of e Iimg can be altasned

The acouslic pressures were measured af a samphng
rile of 2048 117 and a1 512 points-FFT was performed, so
thatl the Nyquist Irequency was determined to be 1012 117
and the spectral resolution 4 112, The requency responses
are shown in Fig. 8 The peaks at the (requency of
multiples of 60 Hz are due to the electrical noise. Note
that 1he dominant frequency companenls occur below 500
Hz and (hat the levels decay al a very slow rate. This
explains the extraordinardy long lasting low lones that
the Jing prodduces. Also nole that the high frequency
componenis dic oul rapidly, which s why the hing is

low-lone-dominated.

5
/1
/1
7
I
// !
! =
(-
i =4
I
i
1
i
- ! rubber
{ (0.27 kg)
- —~
- DA
: Jing
0.35
hologram Lﬁ m =}w 05 m —»

surlace

Fig. 5 Excitation of the hng by the rubber pendulum. The

location of the hologram surface is also indicated.
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Fig. 8 SPL’s measured at the reference microphone for each
ume intervals of 2 seconds after striking Lhe Jing, Mode
shapes  corresponding Lo the fundamental and its
overlones are shown in the small circles. H denoles the
multiple of 60Hz which are due o the elecincal noise.
Nate the different decay rales of ¢ach Neguency

componenls.

3.2 Measuring the mode shapes using acceterome-
ters| 2, 9]

The planar acouslic holography inherently renders pre-
diction errors duc lo finile number of measurement
poinls, even though il usually gives satisfactory resulls as
long as adequale number of measurement poinls are
used[. 8]. To find out il the holographic reconstruction
of the vibralion modes was good enough, (he mode shape
of the Jing was measured using acceleromelers. Such a
direct measurement was performed in order (0 compare
its resulls with those predicted by the holographic method
and ensure thal (he holographic data we have obtained
are reliable.

The basic cxperimentai sct-up is similar 1o that of the
holographic mcthod. The ooly difference is that in this
case, Lhe microphone array was removed and accele-
rometers were gluoed ou the Jing. An impact hammer was
used as Lhe striking tool instead of the rubber pendulum
swing. In measuring the mode shapes, the principle of
reciprocity had been applicd so that instead of sing a
large member of accelerometers, we only needed one. Ac-
lmally four accelerometers were used to ensure Lhat the
acceleration can be measured as long as any one of the
four accelerometers is nol located on a nodal line: in fact
two accelerometers would have been enough to ensurce
data acquisition. The accelerometers weighed Sg euch,
thus the mass loading effect was insignificant. They were
positioned ncar the edge of the main plate (o avoid
having them located on nodal lines as much as possible
as in Fig. 9 Fortenately, the results from the lour
accelcrometers turned out to have the same relalive

magnitudes in the frequency domain, which means that

@  exciting positions

(1)  position of 1st accelerometer
(2) position of 2nd accelerometer
(3) position of 3rd accelerometer
(4) position of 4th accelerometer

Fig. 9 The speailic locations ot (he aceeleromelers.

none ol them were localed on nodal lines. As shown in
Fig. 1, the retative magnitudes are the same, thus the
same mode shape would be obtained. The number of
mcasurement poinls or in this case the striking points
were 70, 49 ol which were positioned on lhe same
locations  corresponding to the  holographic  scanning
positions on the main plate, i.c. with the same gruds, and
the remaining 31 points on the rim to investipale (he
vibro-acoushe behavior of the Jing.

Since the signals we had obtamed (rom the four
accelerometers virtually gave the same mode shape, we
processed  the signals from just one of those and the
signals from Lhe foree transducer. We performed FFT o
see Lhe frequency reponses and the mobility(aceeleration/

lorce) was oblamed.

V. Results and Discussions

4.1 Frequency characteristics

In Fip. 8 which shows (he SPLs measured by the refer-
cnce microphone, sharp peaks at 112, 196, 225, 304, 340,
416, and 456 Hz arc ohserved, which are (he dominanl
frequency components of the Jing., These lones also have
slow decay rales as shown in Fig. 10, and it is (hese bow
vequency components thal make the Jing's low tones last

for so long. Note that in Fig. &, the three mosl dominant
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froquency components 112, 228 and MiH7 have ralio of
bo203: 304 which means That they are almost perlectly
harmonte. In fack, such harmonicity s nol encountered o
ordmary percussion instruments in which the 1ones show
wharmomeily]3, 4] These tones were found Lo be e
uwatwal (requencies of the Jing as illustrated in Figo 11
Note the sharp peaks off the amagimary parts and the
sero-crossings ol lhe read parts at these frequencies which
clearly demonstrates that they are the natural frequencies.

Aller carelul comparisons ol the SPL measuremenls al
the reterence mierophone (Fip. 8) and the frequency re-
sponse from the direct mcasurement {Fig. 1), it can be
noticed thiat (wo ot The magor frequency componentsi228
117 and 330 Hep thal appeared m the SPL dala are nuissing
e Lhe dheee) measurainent dila This phenomenon can be
nnderstood §F you consider the mobilitiestveloaity/loreed
il these two fregnencics.

Recall that in the SPL measurement, the Jing wias
cxoted by the rubber pendulumy swang whercas in The
direcl measprement the excitilion was carned out using
the impact hammer. This difference i the magmihudes of
the excilalion is probably responsible for the bwo missing:
requency compoenents im the direel measurement data. in
Fig 120 note that The relative magmitades al 230 and 345
Hz show strong dependence on the mapgnitikle of the
mpul torce, while olher peaks show some constancy. Also
note that the peaks al 230 and 345 Hr become more
prononiced  as the magnitude of the mpul foree s

increased.

4.2 Spatial characteristics of the tones

Lnvesligating the spatial distributions and behavior of
the radiated sounds Trom (he fing 15 one ol he most
naporlaut taclors that s required m order to completely
charactenize the unigue acoustic propertics ol the Jing. To
do than, we visualized the sound ficlds using the planar
avousiic holopraphy.

tig. 13 shows the mode shapes reconstructed from the
holographic data and fhose Irom the direct measure-
menls. Note that the mode shapes at 228 Hy and 340 H»
by the direet meansarements are omifled since fhese (wo
components didn’t appear i (he frequney response dala
due 1o weak excatihion by the impact bammer. A olher
mayor frequencies, il clear that the reconstrucled nnages
are in good apreement with the the direct measurements.
This demonsirales that the planar acoustic hologsaphy
pives vahid results. The vibration of the rim was also
visualized with the vibration amplitude magnilied by 14
tumes, but il turned out that its vibration is almost pegli-

pible as w clear in the praphs.
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The spatial churacteristios of the sound fickls were :
studicd by the acoustic intensily map. (Sce Fig. L4 anud N

15) The acowstic intensity veclors were reconsirucled on P

four plancs along the 72 axis, where the 7 axis s normal 1o bely
the holographic plane. The aclive miensily vectors, off
which the time averaged values are non-zero, correspond
o nel local transport ol cnergyiwhereas the reactive
intesity veetors, of which the ume-averaged  values are
2ro, cotrespond Lo locally reacting energy that does ol
propagale. By looking al the mean achve mlensily, (he
detads o how sonnd is radiated Trom the Jing can be
clearly seen. Bspeaally. note the intensity map for 416 b
where rotating, energy flow associated with o cirenlating
maode can be observed.

In the bolographic reconsiruction of the mode shapwes,
the dominance of the harmome lones D112, 223, gnd 130
Hz, can be observed  Aflar a carelul observahon ol Lhe
mode shapes in g [3al (dY and () at the mentioned
frequencies, the anti-nodes located i the center ol U

Jing can be noticed. This means that 4 typical siroke

nght v e center ol the Jmg will pive nse Lo these

domimt maodes,

frequency = 176 Hz
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Fig. 14 Reconstrucled mean aclive ntensity veelors, The ma-
poitudes of the intensity veelors on 2 = 0025 005 0 1w

were mubliphied by Caclors of 2030w T respectively,

e
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() 196 Hz.

{c) 204 Hz £ 16 Hz

Fig. 15 Reconstrucled  reaclive intensity  veetors. The mu-
enitudes of the intensity veclors on 7 =40.025, 005, 0. 1m

were mulliplied by tactors of 20 4. and 6 respectively.
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V. Conclusions

It turned oul (hat the harmonic overtones of the funda-
mental have higher sound presure levels than the other
tones, and these overtones scemn Lo be the major contribu-
tlor (o the Jing's peculiar timbre, cspecially the long Jast-
ing tones which give a clear sense of pitch. The anlinodes
at the dominant harmonic {requencies were [ourd 10 be
localed in Lhe center of the Jing just like you would
expecl from any other percnssion instruments. U com-
parison ol 1he holographic data and the ditect measuremenis
with accelerometers  showed  good  apreement,  which
fustifics 1he assumplion of guasistationary sound ficlds.

The inlensily map was conslracted 1o visuahze the
actual coergy flow in the sound field of intercst. The
rotating energy low corresponding (o the rotating mode
al 416 Mz was especiadly interesling.

The harmonicily of the tones in the Jig is allammed
through o uaique tuning process which involves hammenng
the main plale of the Jing. This hammering process gives
rise 10 hickness variation, surfuce inhomogencity, and
changes in the malerial property and these faclors are re-
sponsible  for shilling  the inharmonic  partials (o
harmonicity, Such an ingenuity in the luning process is
what makes the Jing stand out rom other ordinary per-

.
cussion nstruments.
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