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This invention relates to a musical tone synthesizing
apparatus which is used in the synthesis of the musical tones
of plucked-string or struck-string instruments.

(Prior Art)

Devices which put into operation a model obtained by
simulating the tone production mechanism of an acoustic
musical instrument and thus synthesize the tones of the
acoustic musical instrument are commonly known.
Conventionally, devices which synthesize the tones of
stringed musical instruments are known which have a
construction in which a non-linear amplifying component which
simulates the elastic characteristics of the strings is
combined in a closed loop with a delaying circuit which has a
delay interval corresponding to the harmonic cycle of the
striﬂgs. In this type of musical tone synthesizing
apparatus, this loop circuit is brought to a resonant state
and a fixed signal is circulated in the 1loop circuit.
Furthermore, the signal circulating in the loop is taken for
use as the musical tone signal. This type of technology was
disclosed in Japanese Patent Application, Laid-open
publication no. Sho 63-40199, and U.S.P. No. 4,130,043.

In the conventional musical tone synthesizing
‘apparatuses described above, in the case of a plucked-string
instrument such as a guitar, for example, as the stiffness or-
shape of the pick change, the behavior of the string when
plucked changes, so that differing tones are generated.
Furthermore, in struck-string instruments such as pianos, as
the hardness, etc., of the hammers change, differing musical
tones are generated. However, in conventional musical tone
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.This invention relates to a nusical tone synthesizing apparatus which is
. used in the synthesis of the nusical tones of plucked-string or

struck-string instrunments. (Prior Art) Devi ces which put into operation
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circuit is brought to a resonant state and a fixed signal is circulated in

the loop circuit. Furthernore, the signal
Summary of the Invention

Accordingly, it is a purpose of this invention, in view
of the circumstances described above, to provide a musical
tone synthesizing apparatus which can carry out the synthesis
of musical tones of stringed instruments with fidelity,
taking into account the action of the physical system of
hammers, picks, and the like which excites the strings.

Therefore, this invention provides a musical tone
synthesizing apparatus for simulating tones of a conventional
musical instrument, where the conventional musical instrument
is such that it comprises a vibrating element having
predetermined resonance characteristics, and an operator for
imparting mechanical energy to the vibrating element so that
the vibrating element vibrates, thereby generating a musical
tone. The musical tone synthesizing apparatus comprises (a)
closed-loop means functioning as a closed loop circuit and
including delay means having a delay interval corresponding
to a reciprocation period of the recibrocal propagation of
vibrations generated by the vibrating element, and (b)
excitation means for creafing an excitation signal
corresponding to the excitation imposed upon the wvibrating
element by the operator of ‘the conventional musical
instrument according to the state of the vibrating element
and operation of the operator, the excitation means supplying
the created excitation signal into the closed-loop means.

In other words, an excitation signal is generated by the
excitation means in response to the operation of the
operator, according to said excitation signal the loop
circuit is excited and brought to a resonant state, and said
excitation signal is taken for use as the musical tone

signal.
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circul.ating in the loop is taken for use as the nusical tone signal. This
_type of technol ogy was disclosed in EP-A- 0 248 527, JP-A-6, 340,199 and

- US A 4, 130, 043. In the conventional rnusical tone synthesizing

appar atuses descri bed above, in the case of a plucked-string instrunent
such as a guitar, for exanple, ,as the stiffnes r shape of the pjc _
change, thg beR¥yiMRANGF X etgi"Fi'ngP%iﬁ pﬂ’%ﬁﬁz&qﬁaﬁﬁes‘,’agﬁyt I‘f?;l"?{:dil%l}%ri ng
t ones ar esgathesisdofFitlid anmasicali tonesUDE sétringeds instrumentsc lwith

pi anos, a dn { G f lef ' i
Fones: ar cE4B%8 K EaRkab. tnod abfSun HS ROERE fr Mis ehiHYCA
appar at ussystene of chamaesdshctpboks{ amsl pthei ddke\whigh exedltast khe
strings ag?rgﬁggged, such as the stiffness and shape of the pick, the
hardness of t hamers, etc., were not sinulated, so that the nusica
tones could not be synthesized with fidelity.

Brief Description of the Diagrams

Figure 1 is a block diagram showing the construction of
a musical tone synthesizing apparatus according to the first
preferred embodiment of the invention. -

. Figure 2 is a simulation model of a plucked-string
! instrument.

Figure 3 is an angled view showing the plucking of the
string S of Figure 2 by means of pick PK.

Figures 4 (a) and (b) are waveform diagrams showing
examples of the output signal of excitation signal generating
circuit 15 in the same preferred embodiment.

Figure 5 is a waveform diagram showing an example of a
nonlinear function A in the same preferred embodiment. '

Figure 6 1s a waveform diagram showing the signal Vsp
and signal Vss functions in the same preferred embodiment.

Figure 7 is a block.diagram showing the construction of
a musical tone synthesizing apparatus according to the second
preferred embodiment of the invention.

Figure 8 is a simulation model for the purpose of
explaining the point at which hammer HM strikes piano string
SP.

Figure 9 is a waveform diagram showing an example of a
nonlinear function B in the same preferred embodiment.
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REPLACEMENT SHEET 2 Sunmary of the
_tnvention Accordingly, it is 2 purpose of this invention, in view of the
circunstances described above, to provide a nusical tone synthesizing
apparatus which can carry out the synthesis of nusical tones of stringed
instruments with fidelity, taking into account the action of the physical
system of hamers, picks, and the |ike which excites the strings.
Therefore, thlspiguretIOnisravbﬂeskadﬁagramlShowéngyﬁhﬁegpﬂﬁﬁguﬁﬁﬂﬁpapﬁé

for a modified example of the same preferred embodiment.

Detailed Description of the Preferred Embodiments

(First Preferred Embodiment)

Figure 1'shows the construction of a musical tone
synthesizing apparatus according to the first preferred
embodiment of the invention. In Figure 1, an example of the
construction in the case in which the musical tone
synthesizing apparatus is realized by using digital circuitry
is shown. Delay circuits 1 and 5 are constructed by shift
registers; each of these shift registers comprises'flip-flops
corresponding to the number of bits in the transmitted
digital signals. In addition, sample clocks are supplied at
fixed intervals in each flip-flop. The letters n and m
attached to delay circuits 1 and 5 show the number of
registers. The other essential elements of the construction
are realized by digital circuitry in the same way as delay
circuits 1 and 5. In this musical tone synthesizing
apparatus the tones of a plucked-string musical instrument
such as a guitar, etc., are synthesized. Loop circuit 8 in
Figure 1 comprises delay circuit 1, adder 2, filter 3, phase
inverting circuit 4, delay circuit 5, adder 6, and phase
inverting circuit 7; it simulates the vibration of the
strings of a guitar and the like.

At this point, the vibration of the strings of a guitar
or the like will be explained with reference to Figure 2.
When the central part of a string S of a guitar is plucked by
a pick or fingernail, a vibration wave Wa moving in the
direction from fixed end T, toward T; and a vibration wave Wb
moving in the direction from fixed end Ty toward T, are
generated in string S. Here, the fixed ends T; and Ty
correspond to the bridge and frets of a guitar. In this
case, the vibration wéve Wa is phase-inverted at fixed end
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simul ating tones of a nusical instrument which conprises a vibrating

_“el ement havi ng predeterni ned resonance characteristics, and neans for

i gparting energy to the vibrating elenent so that the vibrating el ement
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" wave Wa to fixed end T, and the propagation of vibration wave
Wb to fixed end T,. Furthermore, inverting circuits 4 and 7
correspohd to the fixed ends T; and T, in Figure 2; by them
the phenomenon of the phase inversion of vibration waves Wa
and Wb at each fixed end is simulated. By means of this, the
time which it takes the signal to travel once around loop
circuit 8 becomes equal to the vibrational cycle of standing
wave Ws. Accordingly, by the use of the signal transmitted
around loop circuit 8, a musical tone signal with a pitch
which corresponds to the length of string S can be obtained.
In addition, filter 3 simulates the frequency characteristics
of the decrease in vibration in string S.

Excitation circuit 9, .comprising adders 9 and 10,
multiplier 11, ROM 12, and multiplier 13, simulates the
action of the pick or the fingernail on the string when it is
plucked. :

Output sigﬁal Va of delay circuit 1 and oufput' signal Vb
of delay circuit 5 are added by adder 9. Here, signals Va
and Vb correspond to vibration waves Wa and Wb in the central
part of string S in Figure 2; by adding them together, a
signal Vs which corresponds to the velocity in the central
area of string S is obtained. Then, signal Vp, which
corresponds to the velocity of pick PK, is added to signal Vs

by adder 10, and a signal Vsp corresponding to the relative
velocity of pick PK and string S is outputted. Here, signal
Vp is outputted from excitation control circuit 15 at the
time of the generation of the musical tones. Figure 4(a)
shows an example of the signal waveform of the signal Vp. 1In
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I.n other words, an excitation signal is generated by the excitation neans
.in response to the operation of the nmeans for inparting energy to the
vibrating elenment, according to said excitation signal the loop circuit is
excited and brought to a resonant state, and said excitation signal is

t aken fort‘fﬁe aﬁmtsrl%arijs %%l tgygti %rlzing apparatus, the positive
direction of movement of pick PK and the positive direction
of movement of string S are defined as opposite directions.
In other words, in the case where, for example, at the time
when the pick PK is moving downward, its movement velocity is
positive, the upward velocity'in string S 1s defined to be
positive movement velocity.

As Figure 3 shows, in the case in which string S is
plucked by pick PK, at the initial time of plucking, starting
friction is in'operation betﬁeen.pick PK and string S, and
string S follows the action of pick PK and is displaced:;
however, once plucking is under way, string S is displaced
with some slippage with respect to pick PK. A table of the
nonlinear function A, which models this sort of response of
string S to pick PK, is stored in ROM 12. Figure 5 shows an
example of this nonlinear function A. The vertical line S
in this same diagram corresponds to the area by which string
S is displaced in follgwing pick PK when starting friction is
in operation between string § and pick PK. Curves M; and M,
correspond to the area by which string S is displaced with
some slippage with respect to pick PK when dynamic friction
is in operation between string S§ and pick PK.

The greater the force of pick PK, the more string S
follows pick PK in its displacement. In order to reproduce
this action with fidelity, it is necessary to enlarge the
range of area Sp (the range from point P to point Q) in
correspondence with the force of pick PK. In the present
preferred embodiment, when a musical tone' signal 1is |
generated, a signal F corresponding to the force of pick PK
is outputted from excitation signal generating circuit 15,
the input signal is multiplied by 1/F by multiplier 11 and
inputted into ROM 12; in addition, the output of ROM 12 is
multiplied F times by multiplier 13. An example of signal F
is shown in Figure 4 (b). Therefore, the nonlinear function
A describing the transmission characteristics between input
signal Vsp of multiplier 11 and output signal Vss of
multiplier 13 is enlarged F times in the directions of the X-
axis and the Y-axis in Figure 2._ Accordingly, in this

—
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the force of pick PK. In addition, the output signal Vss of
multiplier 13 is made an excitation signal and inputted into
loop circuit 8 through the medium of adders 2 and 6.

In this preferred embodiment, the pick PK plucks at the
middle of string S, so that in order to model the plucking
mechanism of an actual guitar with fidelity, delaying
circuits 1 and § were divided in two corresponding to the
plucking position on string S, and in between these points of
division excitation circuit 14 is inserted; it is preferable
to conduct the detection of the velocity of the string (Va
and Vb) and the output of excitation signal Vss by means of
this. However, even if this is done, the time it takes for
the excitation signal Vss which is inputted at a point of
division to go halfway around the loop circuit 8 and reach a
different point of division is equal to the delay interval of
delay circuits 1 and 5; this equal-value circuit is exactly
the same as that in Figure 1.

Here, the operation of the musical tone synthesizing
apparatus will be explained. When a musical tone is
generated, signals Vp and F shown in Figure 4 (a) and (b) are
outputted by the excitatioh signal generating circuit 15 and
supplied to excitation circuit 14. Then, signal Vp
corresponding to the velocity of the pick PK is added to

e

us
gure

signal Vs corresponding to the velocity of string S by adder

10, and signal Vsp corresponding to the relative velocity of
pick PK and string S is outputted. At this time, in the case
in which a signal corresponding to the excess vibration from
previous plucking is circulating around loop circuit 8, a
signal Vs corresponding to the strength of this excess
vibration is outputted by adder 9, and the signal Vs 1s added
to signal Vp to obtain the signal Vsp.

On the other hand, in the case in which the circulating
signal in loop circuit 8 has been extinguished, as the time
lapse since the previous plucking was long, signal Vs becomes
d. Accordingly, signal Vp is outputted as signal Vsp.

In addition, in the case in which signal Vsp is within

" This Sheet Has Been- Replaced

i




.~

Fféure 3 is an angled view showi ng the plucking of the string S of Figure 2

.Bby means of pick PK Figures 4 (a) and (b) are waveform di agramns
showi ng exanpl es of the output signal of excitation signal generatlng
circuit 15 in the sane preferred enbodi nent. Flgure s a waveform

embod; ment the tER1ghET15e" nrls A, EHGuRRPag P ALOMSH VER ROSTRING Jep
and si gnal thies equationsvVss=tVapsdne qutpaetted oo maltiplier 13 and
inputted as an excitation signal into loop circuit 8 through
the medium of adders 2 and 6. In this way, in the case in
which starfing friction is in operation between string S and
pick PK, a signal Vss which indicates the velocity of string
. 8 following the movement velocity of pick PK is inputted into
loop circuit 8. '

On the other hand, if signal Vsp becomes large, or if
the force of pick PK becomes small, and signal Vsp is outside
the straight-line area in Figure 6, a signal Vss which is
determined by means of the transmission characteristics of
the curved line areas is inputted into loop circuit 8 as an
excitation signal. In this way, in the case in which string
S slips with respect to pick PK, a signal Vss which indicates
the velocity of string S is generated and inputted into loop
circuit 8.

In loop circuit 8, the excitation signal Vss which is
inputted by adder 2 progresses through filter 3 ~> inverting
circuit 4 -> delay circuit 5, and is reinputted by adder 9 of
excitation circuit 14. Furthermore, the excitation signal
Vss which is inputted by adder 6 progresses through inverting
circuit 7 -> delay circuit 1, and is reinputted into
excitation circuit 14. This operation is in response to the
phenomenon in which pick PK causes string S to vibrate as
shown in Figure 3, this vibration propagates to the left and
right from the plucking position, is reflected at the fixed
ends, and returns again to the plucking position. Then, in
excitation circuit 14, a signal Vs corresponding to the
velocity of string S at the plucking position is obtained by
adder 9. Next, in excitation circuit 14, based on this
signal Vs, signal Vp from excitation control circuit 15, and
F, a new excitation signal Vss is put into operation by the
operation described above, and is inputted into loop circuit
8.. _

The same operation is carried out for the period in
which signal F is being outputted, in other words, for the
périod in which pick PK is in contact with string S. When
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‘Flgure 7 is a block diagramshow ng the construction of a nusical tone
.synt hesi zi ng appar at us according to the second preferred enbodi nent of the
i nventi on. Figure 8 is a simulation nodel for the purpose of
explaining t he point at which hammer HM strikes piano string SP
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output Vss of multiplier 13 is set to 0, and excitation
circuit 14 is detached from loop circuit 8. After this, the
excitation signal which was inputted into loop circuit 8 in
this way circulates around loop circuit 8, i1s gradually
diminished by filter 3 and eventually extinguished. The
signal circulating around loop circuit 8 is fetched as a
musical tone signal, and a musical tone is generated. The
position at which this musical tone signal is fetched can be
any position on loop circuit 8. According to this musical
tone synthesizing apparatus, the waveform of the excitation
signal can be controlled with respect to loop circuit 8 by
means of the adjusfment of signal Vp, which is generated by
excitation control circuit 15, and signal F, and it is thus
possible to adjust the tone color of the tones to match that
of an actual musical instrument. -

(Second Preferred Embodiment)

Figure 7 is a block diagram showing the construction of
a musical tone synthesizing apparatus according to a second
preferred embodiment of the present invention. 1In this
mugical tone synthesizing apparatus, tones of struck-string
musical instruments such as pianos and the like are created.
Loop circuit 28, which comprises delay circuit 21, adder 22,
filter 23, phase-inverting circuit.24, delay c#rcuit 25,
adder 26, and phase~inverting circuit 27, simulates the
vibration of the strings of a piano in the same way as the
aforesaid first preferred embodiment.

The output signals of delay circuits 21 and 22 are added
by adder 29 and outputted as signal Vs;, which corresponds to
the velocity of the string. This signal Vs; is multiplied by
a coefficient adm by multiplier 30. This coefficient adm
will be discussed later.

The output signal of multiplier 30 is integrated by
integrating circuit 33, which comprises adder 31 and one-
sample period delay circuit 32. As a result, integrating

circuit 33 outputs a signal x which corresponds .to the
-
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i‘ s Figure 10 is a block diagram show ng the construction of a
“modi fi ed exanpl e of the sane preferred enbodlnent Detail ed Description
of the Preferred Enbodi nents

displacement of the piano string SP from a basic line REF
shown in Figure 8, and the signal x 1is inputted into
subtracter 34. Signal y (see Figure 8), which corresponds to
the displacement of hammer HM and which is outputted by
integrator 38, discussed later, is inputted into the other
input end of subtracter 34. Then subtracter 34 outputs a
signal y-x, which indicates the difference between signal y
and signal x, in other words, a signal which corresponds to
the relative displacement of hammer HM and string SP. Here,
in the case in which hammer HM strikes string SP, y-x is
positive, and a reverse force corresponding to the amount of
the strike operates between string SP and hammer HM. On the
other hand, in the case in which hammer  HM only lightly
touches string SP or in which hammer HM is separated from
string SP, y-x is either 0 or negative, and the reverse force
becomes 0. A table of the nonlinear function B which
indicates the'relationship between the relative displacement
y-x of string SP and hammer HM and the reverse force F which
operates between string SP and hammer HM is stored in ROM 35.
Figure 9 shows an example of this nonlinear function B in the
case in which hammer HM is constructed of soft materials such
as felt. As this diagram shows, in the case in which y-x is
0 or negative, in other words, in the case in which hammer HM
does not strike string SP, the reverse force is 0, and in the
case in which hammer HM strikes string SP, reverse force F
rises slowly in response to the increase in the relative
displacemeny y-%Xx. In the case in which hammer HM is made of
hard materials, nonlinear function B is set so that F rises
rapidly with respect to y-x. '

In this way, a signal F corresponding to the reverse
force in response to the relative displacement y-x of hammer
'HM and string SP with a time lapse is obtained from ROM 35,
and this signal F is multiplied by a multiplying coefficient
of -1/M by multiplier 36. Here, M.designates a coefficient
corresponding to the inertial mass of hammer HM; multiplier
36 outputs a signal ¢ which corfesponds to the acceleration
of hammer HM. This signal®{is integrated by integrator 37,
and a signal ﬁ which corresponds to W of the
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(First Preferred Enbodi nent) Figure 1 shows the construction of a
_“nmusi cal tone synthesizing apparatus according to the first preferred

enbodi nent of the invention. 1In Figure 1, an exanple of the construction
in the case in which the nusical tone synthesizing apparatus is realized by
using digital circuitry is shown. Delay circuits 1 and 5 are constructed
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' nstrument On the other hand, the signal F, which corresponds to
the reverse force of hammer HM and string SP and is outputted
from ROM 35, is inputted into adders 22 and 26 of loop
circuit 28 as the rate of change of the velocity imposed on
string SP by means of hammer HM. Conventionally, the results
of the calculation of the rate of change of the velocity of
string SP by the multiplication of a coefficient which-
corresponds to the resistance to the change in velocity of
string SP by signal F, which cbrresponds to the reverse
force, are inputted into loop'circuit 28, but in the present
preferred embodiment, a coefficient is included which
corresponds to the aforesaid resistance in addition to the
-aforesaid multiplication coefficient adm.

In the following, the opération of the present preferred
embodiment will be explained. In the state prior to
striking, hammer HM is separated from string SP, and the
relative displacement y-x has a negatiﬁe value. Furthermore,
the sample period delay circuits in the integrators 32, 37,
and 38 are reset to 0. Then, when a signal Vo corresponding
to the initial velocity of the hammer is outputted from a

'_1# musical tone generation control circuit which is not shown in
the diagram, the signal Vg is integrated by means of
integrator 38, and the signal y corresponding to the
displacement of hammer HM is changed from a negative to a
positive value with a time lapse. ' In this period, since
hammer HM and string SP are separated, the relative
displacement y-x has a negative value. In addition, signal F
is 0, as is shown in Figure 9, so that the output ﬁ of
integrator 38 is 0. Accordingly, only the initial velocity
Vp is integrated by integrator 38, and the integral value y
corresponding to the position of hammer HM goes from negative
to positive, in other words, it changes in a direction which

] I
approaches string SP.
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s__d&h as a guitar, etc., are synthesized. Loop 8 |n F| gure 1
.conpri ses delay circuit 1, adder 2, filter & rcuit 4,
delay circuit 5, adder 6, and phase inverti ng ci’ “ mJI ates the
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phase-i nveutputted ifrem ®oM 35. Next, as stated above, this signal F
'is multiplied by the coefficient -1/M and signal O (negative
value) corresponding to the acceleration of hammer HM is
created, and finally, the signal & is integrated, and signal
ﬁ corresponding- to the component of the change in wvelocity
over time is obtained. Here, as signal ﬁ acquires a
negative value, integrator 38 performs an integral
calculation; more specifically, it subtracts signal F from
initial wvelocity Vo- Accordingly, the change over time of
the increase in the displacement y of hammer HM becomes
gradually slow. Furthermore, although the displacement y of
hammer HM increases in a positive direction during this
period, as the relative displacement y-x increéses, the
reverse force F which hammer HM receives from stririg SP
increases, as indicated by arrow F; in Figure 9.
Accordingly, acceleration ©{ and velocity-change component B
‘become large in a negative direction. In addition, when the
size of signal ﬁ surpasses initial velocity Vg, and the
direction of the velocity of hammer HM changes to a direction
away from string SP, y changes to a negative direction.
Then, the relative displacement y-x of hammer HM and string
sSP slowlyj becomes smaller, and signal F corresponding to the
reverse force received by hammer HM from string SP becomes
small (arrow Fp). In addition, the relative displacement y-x
is less than O, in other words, hammer HM moves away from
string SP, it is disengaged from the elasticity
cl_laracteristics of string SP, and the operation of striking
the string is completed. In this way signal F corresponding
to the reverse force of string SP at the time of the
operation of striking the string is created, and the signal F
is inputted into loop circuit 28 as a cdntributing component
moving hammer HM toward the change in velocity of string SP.
In this way, the signal contributing the change in velocity

of string SP is put into loop circuit 28 as an excitation

i2
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57 . « T[err], beconmes a new wave, and is propagated toward fixed end
-T[err] mhlle vibration wave W is phase-inverted at fixed end T[err],
becomes a new wave, and is propagated toward fixed end T[err]. String S
vi brates according to the waveformresulting fromthe addition of vibration
waves. WA and Wb, and eventually vibrates according to a standing wave W
whi ch hassignaly dasd decLrirculated canpundothdise elrcuttof Thisstsdignal

Del ay ciréitrégldt#ng arbinll 1dop Litul« Pg efPOLHehOused as a musical
tone signal. In this example, the position at which the
musical signal is retrieved may be chosen freely. The
musical tone signal is slowly attenuated by filter 23.

It is possible to make many modifications to the musical
tone synthesizing apparétus shown in Figure 7. For example,
Figure 10 shows an example in which signal Vg corresponding
to the initial velocity of hammer HM is set to the initial
value in the delay circuit of integrator 37, and signal F
correspondihg to the reverse force is recycled to the reverse
force calculating system through the medium of delay circuit
39 and adder 40. )

In the preferred embodiment described above, a case was
described ih which a musical tone synthesizing apparatus was
realized using digital circuitry, however, it is of course
possible to realize this by means of analog circuitry, and
the effects obtained will be the same as those obtained in
the case in which digital circuitry was used. Furthermore,
it is also possible to use the wave guide disclosed in
Japanese Patent Application, Laid-open publication No. 63-
40199 as a loop circuit including a delay circuif.

This Sheet Has Been Re laced
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string Sin Figure 2; the delay intervals are set to the amount of tinme

_hecessary for the propagatlon of ¥+bLaLLon_maMQ_M§_L9 fixed end T[err]

t he propagation of vibration mave d T[err]. Furthernore,
|nvert|ng circuits 4 and 7 corres ﬂﬂﬂ g" iE ends T[err] and T[err
in Figure 2; by themthe phenonenon 0 nver5|on of vibration

waves Wa aWHAWHISt CBAIMED; k88 end is sinulated. By means of this, the ti
which it takes the signal to travel once around loop circuit 8 becones

| toth br at I I f
of the. Si ghal A raRERPRTe o, AT Ui L4 ig, Bipdfe tler 80k @y PG 100

a pitch whitohezoof spamisicalt fastaupentfwbichneanprhsps ivibrating

addi ti on,

Ehbhght 3;%&-&%@ S§e&€§e¥ﬁ£ﬂ&&“%s@i‘§xﬁfé eéh&faeﬁeﬁisthesgeca@se

in V|brat|on I'n st
10, mul ti pBPePPE!BtRGVIfPE imparking pePergys tosithe gting,

cltation CIrCUIt 9 r|S|ng??dders

i

pi ck or thenbithoehdavivratitgy Séléménvhabrates pl lthbcéby generating a

musical tone; the musical tone synthesizing. apparatus being
characterized by comprising:

(a) closed-loop means (8, 28) functioning as a closed
loop circuit and including delay means (1, 5, 21, 25) having
a delay interval corresponding to a reciprocation period of
the reciprocal propagation of vibrations of the v:l.brati'_ng
element, and :

(b) excitation means (14) for creating an excltation
signal corresponding to the excitation imposed upon the
vibrating element by the operator according to the state of
the vibrating element and operation of the operator, the
excitation means supplying the created excitation signa; into
the closed-loop means (8, 28).

2. A musical tone synthesizing apparatus in accordance with
claim 1, which is further characterized in that the
excitation means (14) creates an excitation signal which
corresponds to the excitation imposed on the vibrating
element by the plucking of the vibrating element by the
operator and supplies the excitation signal into the closed-
loop means (8).

3. A musical tone synthesizing apparatus in accordance with
claim 1, which is further characterized in that the closed-
loop means (8, 28) comprises: '

(a) first delay means (1, 21) having a delay interval of
the case in which the vibration propagates in the direction
of either the outward path or the return path of the
vibrating element:; '

(b) second delay means (5, 25) having a delay interval
corresponding to the reciprocation pefigg_gf_ggg_ggg;pggcal

Sheet Has Been Replaced
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Chtput signal Va of delay circuit 1 and out elay circuit 5
‘are added by adder 9. Here, signals Va and m, ﬁtﬂﬂ mgﬂﬁ! m vi bration

waves Wa and W in the central part of string CInL by addi ng t hem
together, a signal Vs which corresponds to the velocity in the central area

of string Sis obtalned Then si gn whi ch orres nds t he
vel oci t y RFORAGRtERN | Qf ,Jpthrakio agnngbf’d‘?ﬁ@F 5 g‘ﬁ:ﬂ

cor r espoigligetion eldmg aihish vah@ovwm{:im célai(eandei:tendg; Sis

at The time ofthordaRE, Susroiid hbsfls (O P70, B phanL %%V%%%“%zé
exanpl e dthe hexciigationyeignalof anfle itpattipg | the phase inverted
excitation signal to the first delay means (1, 21);

(d) second inverting means (4, 24) for phase-inverting
the excitation signal and outputting the phase-inverted
excitation signal to the second delay means (5, 25):;

-(e) filtering means (3, 23) having frequency
characteristics of the vibrating element and attenuating the
excitation signal in accordance with the frequency:

(f) first adding means (2, 22). for adding the excitation
signal outputted by the excitation means (14) to the
excitation signal outputted by the first delay means (1, 21);
and

(g) second adding means (6, 26) for adding the
excitation signal outputted by the excitation means (14) to
the excitation signal outputted by the second delay means (5,
25).

4. A musical tone synthesizing apparatus in accordance with
claim 1, which is further characterized in that the
excitation means (14) is provided with a memory means (12)
for storing a table of a nodlinear function representing
responses of the vibrating element for various relative
velocities between the operator and the vibrating element,
and the excitation means outputs a predetermined excitation
signal in response to a relative velocity between the
operator and the vibrating element.

‘5. A musical tone synthesizing apparatus in accordance with
claim 1, which is further characterized in that thé
excitation means (14) creates an excitation signal
corresponding to the excitation imposed on the vibrating
element by the striking of the vibrating element by the
operator and inputs the excitation signal to the closed-loop
means.

Sheet Has Been Replaced !
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6*“ s this nusical tone synthesizing apparatus, the positive direction of
-nmovement of pick PK and the positive direction of novenent of string S are
defined as opposite directions. In other words, in the case where, for
exanple, at the tinme mhen the pick PKis aning downward, its novenent

fined to

vl 051 Y 1 8,208 iiod SR bbbl | b ade 2 SIS e,

string S ielpimckdd byhdiclkk Ri§ Lurther nidhatratcitexrided! uthi n'ghatt athieng
excitation means (14) consists of a memory means (35) in
which a table of a nonlinear function which indicates the
relationship between the relative displacement between the
vibrating element and the operator, and the resiliency in
operation between the vibrating element and the operator is
stored, and which outputs the resiliency as the excitation
signal in response to the relative displacement.

7. A musical tone synthesizing apparatus in accordance with
claim 4, which is further characterized in that the memory
means (12, 35) comprises non-volatile memory.

8. A musical tone synthesizing apparatus in accordance with
claim 6, which is further characterized in that the mnemory
means (12, 35) comprises non-volatile memory.

9. ‘A musical tone synthesizing apparatus in accordance with
claim 1, which is further characterized in that the delay
means (1, 5, 21, 25) comprises shift registers comprising.
flip~-flops corresponding to the number of bits of the
excitation signal.
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fI"fCtIOI‘] is in operation between pick PK and string S, and strlng S foll ows
.the action of pick PK and is displaced; however, once plucking is under
way, string S is displaced with sone sllppage with respect to.pick PK. A
tabl e of the nonlinear function A which nodels this sort of response of -
string Sto pick PK is stored in ROM12. Figure 5 shows an exanple of this
nonlinear function A The vertical line Serr] in this same diagram
corresponds-to the area byABSTRACH!OFNgHE DIsALOBURged in fol l owi ng pick PK
when starting friction is in operation between string S and pick PK Curves
Merr] and Merr] correspond to the area by which string S is displaced

w th some sliphagusdical r sopect syotpesd Zdaghepphratiue fr synthesizes

h t Kk
Oper 4 e by ene o afbEBkstn! Bkt lp

r epr oduce¥ hid R&H"&?%’?ﬁripﬂel‘P?y,s¢¥u¢l§"ﬁé'cre'l§tﬂr yingteumente- t heThenge
of area Jpparatulse Hawoe Loop Rﬂf&uftt AhICH s Chula €96 " 8SRABEAEENY th

‘the force fémé)né: kogKthe lfnstr}:ei\mpenetse excitation circuit creates an

excitation signal corresponding to the excitation given to
the vibrating element in response to the operation of
operators such as a p:l.ck or a hammer or the state of the
generation body and a memory which stores a non-linear
relation between the operator and the vibration element. The
excitation signal circulates around the loop circuit and is
delayed by means of a delay circuit with a previously
determined delay interval, and is fed back into the
excitation circuit as the state of the vibrating element.
To realize a variety of sounds depending upon.characteristics
of the operator, such as the shape and hardness of the pick
or the hardness of the hammer, a readout value of the memory,
which 1is read out according to such characteristics, is
supplied to the loop circuit.

—_—
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preferred enbodinent, when a nusical tone signal - ated, a
signal F corresponding to the force of pick PKis outputted from excitation
signal generating circuit 15, the input signal is nulti pﬁl@hednﬁasjﬂe&ml

mul tiplier 11 and inputted into ROM 12; in addition, the

Is multiplied F tines by multiplier 13. Anexarrpleof 5|g erln
Figure 4 (b). Therefore, the nonlinear function A descrlblng

transm ssion characteristics betwe nal Vsp of nmulti pI ier 11 and
out put signal Vss of nultiplier 13 EKC% %I@@ gnes in the directions of
the X- axis and the Y-axis in Figu gogCUITACC rdi ngI y, inthis

| 2 3
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FIG.6



7f‘~‘epreferred enbodinment, it is possible to change the range in which
signal Vss follows signal Vsp in correspondence with the force of pick PK
In addition, the output signal Vss of nmultiplier 13_is made an excitation

signal and inputted into loop circuit 8 through thé\ﬁEHIUﬁLQL\gggﬁész-and
6. In this preferred enbodi nent, the pick PK plmﬁg at the

string S, so that in order to nodel the pl ucki ng nec BﬁmRa t ua
guitar with fidelity, delaying circuits 1 and 5 mere ced
correspondi ng to the plucking position on string 8, t hese
points of division excitation circuit 14 is inserted; |t bl e
21 : 23
] ;
| vl FILTER
_ 24
R G 28 ) =
27 -
— zm
| \25
Vsi
adm 30 '
: 3l yx _— .
- ~X| NONLINEAR |F] @ )
i ﬁ"k‘ FUNCTION B £ _J
= + _ - 1
Q‘J. 34 325 25 Z
32 T4
33
Y
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F
Fi
/ Fa
Vo y—x
FIG.8

FIG.9



.to.conduct the detection of the velocity of the string (Va and Vb) and the
out put of excitation signal Vss by neans of this. However, even if this is’
done, the time it takes for the excitation signal Vss which is inputted at
a point of division to go halfway around the loop circuit 8 and reach a
different point of division is equal to the delay interval of delay
circuits 1 and 5; this equal-value circuit is exactly the sane as that in
Figure 1. Here, the operation of the nusical tone synthesizing -
apparatus will be expl ai ned. When a nusi cal tvﬁﬁw gnal s
Vp and F shown in Figure 4 (a) and (b) are outputted by the exci

signal generating circuit 15 and supplied to ex 7 eﬁtthB&hR&%ced
Then, signal Vp corresponding to the velocity of added to
signal Vs corresponding to the velocity of stri ng Wﬂwand si gnal
Vsp corresponding to the relative velocity of pick PK an Sis

outputted. At this tinme, in the case in which a signal corresponding to the
excess vibration from :

2| 22 | 23
{ {
-n
Z FILTER 3

INITIAL YALVE Vo

(T} NONLINEAR | M n
’% FUNCTION B ' v
¥ S 'S 7

34 35 | _
y _Z—l._é.___

FIG.10
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"y . . . . . . . oSSy FHos
previ ous plucking is circulating around |loop circuit 8, a signal Vs

-corresponding. to the st rengt h of this excess vibration: 1"*3"‘*"0ut’putt:.ed L)/
adder{ 9, BRILEL hﬂiﬁsmgmam‘“ﬂs |s¢«added to signal Vp‘,to obt ain’'t] “ghe
On t e dichetsshand, -d.n it he, case nnEhl ch the cii rcu Iat| ng 5| gna “_

ci rcyif &ihas begng.axt,.a n L{I shed a

pl ucki mg%vmgg(Lpng?,;tgl__gpat cones @ Accord| s+gna[
as sijgnak:Vsp. :mg‘!ir.‘.,,,__" @‘)tf’ ;""l"n! the case in v 1ch st gnak-:
DATE O RECEIPT : i ‘
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MUSICAL TONE SYNTHESIZING APPARATUS

REPLACEMENT SHEET
This Sheet Has Been Replaced

Background of the Invention ”IIIII l"l" ll lll Illl 17 MAR 1997

(Field of the Invention)

This invention relates to a musical tone synthesizing
apparatus which is used in the synthesis of the musical tones
of plucked-string or struck-string instruments.

{(Prior Art)

Devices which put into operation a model obtained by
simulating the tone production mechanism of an acoustic
musical instrument and thus synthesize the tones of the
acoustic musical instrument are commonly known.
Conventionally, devices which synthesize the tones of
stringed musical. instruments are known which have a
construction in which a non-linear amplifying component which

. simulates ‘the elastic characteristics of the strings is
combined in a closed loop with a delaying circuit which has a
.delay interval corresponding to the harmonic cycle of the
strings. In this type of musical tone synthesiziné
apparatus, this loop circuit is brought to a resonant state
and a fixed signal is circulated in the loop circuit.
Furthermore, the signal circulating in the loop is taken for
use as the musical tone signal. This type of technology was
disclosed in Japanese Patent Application, Laid-open
publication no. Sho 63-40199, and U.S.P. No. 4,130,043.

In +the conventional musical tone synthesizing
apparatuses described above, in the case of a plucked-string
instrument such as a guitar, for example, as the stiffness or:
shape of the pick change, tﬁe behavior of the string when
plucked changes, so that differing tones . are generated.
Furthermore, in struck-string instruments such as pianos, as
the hardness, etc., of the hammers change, differing musical
tones are generated. However, in conventipnal»mdsical tone



8. the straight-line area in Fi gure 6, a signal Vss according to the

equation Vss=-Vsp is outputted frommultiplier and i nputted as an
excitation signal into loop circuit 8 through |fl [ rs 2 and 6
In this way, ?ﬁhm*i—rr—wﬂ—ehstartingfricpﬂ‘mw i on bet ween
string S and piTuk sB¥: A gsi | Vss which indig¢ates the velocifyf[of string S
follow ng the no lﬁnQP 90f piclk PK is|i pu'l MAR 897 | pop circuit 8.
On the other han lﬂﬂﬁ =m sp becones largeg, lor if the forge| of pick PK
beconmes snall, a [ is outside the ptraight-Tineare

6, a signal Vss which is determ ned by neans ef—the transni ssi

characteristics of the curved Iine areas is inputted into loop circuit 8 as
an synthesizing apparatuses, the state and action of the

physical system in which the strings are excited, such as the
stiffness and shape of the pick, the hardness of the hammers,
etc., were not simulated, so that the musical tones could not
be synthesized with fidelity.

Summary of the Invention

Accordingly, it is a purpose of this invention, in view
of the circumstances described above, to provide a musical
tone synthesizing apparatus which can carry out the synthesis
of musical tones of stringed instruments with fidelity,
taking into account the action of the physical system of
hammers, picks, and the like which excites the strings.

Therefore, this invention provides a musical tone
synthesizing apparatus for simulating tones of a conventional
musical instrument, where the conventional musical instrument
is such that it comprises a vibrating element having
predetermined resonance characteristics, and an operator for -
imparting mechanical energy to the vibrating element so that
the vibrating element vibrates, thereby generating a musical
tone. The musical tone synthesizing apparatus comprises (a)
closed-loop means functioning as a closed loop circuit and
including delay means having a delay- interval corresponding
to a reciprocation period of the reciprocal propagation of
vibrations generated by the vibrating element, and (b)
excitation means for creating an excitation signal
corresponding to the excitation imposed upon the wvibrating
element by the operator of the conventional musical
instrument according to the state of the vibrating element
and operation of the operator, the excitation means suppiying
the created excitation signa; into the closed-loop means.

In other words, an excitation signal is generated by the
excitation means in response to the operation of the
operator, according to said excitation signal the loop
circuit is excited and brought to a resonant state, and said
excitation signal is taken for use as the musical tone
signal.



excitation signal. In this way, in the case in which string Sslips with
-respect to pick PK, a signal Vss which indica | of string S
is generated and inputted into loop circuit 8 EFKCUit 8, the
excitation signal Vss which is inputted by a Z progresses tihr ough

filter 3 -> inverting circuit 4 -> delay cirduilt '5,7@5!@ ﬁ]r i pputted by
adder 9 of excitation circuit 14. FurBhernorje,/] the'e é atifom signal Vss
which is inputted by adder 6 progresses throygh— | cifcpit 7 ->

delay circuit 1, and is reinputted into excifation circuit 14.fThis
operation is in response to the phenonenon in I ch i ses string S

to \#[ b][ ate ?ﬁ shlcwlk:jheaﬁhgwf?,éuahi itV}iltH bﬁaipu;aﬁae]:a_t ariy Ejb&ﬂ ehle and
rig romthe gl ucking pqsition, 1s reflec e . fixed en a
returns agaim%’?%? pfﬁjc%?ld"'ﬁ)‘s‘ﬁli o‘?f.m%e‘?fe ?ﬁrk&%ﬁ‘? a{"i’%ﬁr‘&“f%%iﬁ twq%ﬁ‘, a
si gnal Vs cofidepbhyi ngakdnghdnbel axkaount thei agtdan aficthéupkiysdcal

fﬁ;sist on I's opkeeRede PHaifldes, 9 p1dieX!l add €XE! 1AL MIRLER VekeldeshatRd ON

strings.

Brief Description of the Diagrams

Figure 1 is a block diagram showing the construction of
a musical tone synthesizing apparatus according to the first
preferred embodiment of the invention.

. Figure 2 1is a simulation model of a plucked-string
instrument.

Figure 3 is an angled view showihg the plucking of the
string S of Figure 2 by means of pick PK.

Figures 4 (a) and (b) are waveform diagrams showing
examples of the output signal of excitation signal generating
circuit 15 in'the same preferred embodiment.

. Figure 5 is a waveform diagram showing an example of a
nonlinear function A in the same preferred embodiment.

Figure 6 is a waveform diagram showing the signal Vsp
and signal Vss functions in the same preferred embodiment.

Figure 7 is a block'diagram showing the construction of
a musical tone synthesizing apparatus according to the second
preferred embodiment of the invention. '

Figure 8 is a simulation_model for the purpose of
explaining the point at which hammer HM strikes piano string
SP.

Figure 9 is a waveform diagram showing an example of a
nonlinear function B in the same preferred embodiment.



signal Vs, signal Vp fromexcitation control circuit 15, and F, a new
.excitation signal Vss is put into operation by the operation described
above, and is inputted into loop circuit 8. —he—sareoperation is

carried out for the period in which signal F i%A@MENFLSHE%#? in other
words, for the period in which pick PKis in co tf-—st+4nNd S. Wen

9 | ¢ 17 MAR 1997

Figure 10 is a block diagram showing the construction of
a modified example of the same preferred embodiment.

Detailled Description of'the Preferred Embodiments

(First Preferred Embodiment)

Figure 1 shows the construction of a musical tone
synthesizing apparatus according to the first preferred
embodiment of the invention. In Figure 1, an example of the
construction in the case in which the musical tone
synthesizing apparatus is realized by using digital circuitry
is shown. Delay ciréuits 1 and 5 are constructed by shift
registers; each of these shift registers comprises'flip-flops
corresponding to the number of bits in the transmitted
digital signals. In addition, sample clocks are supplied at
fixed intervals in each flip-flop. The letters n gnd m
attached to delay circuits 1 and 5 show the number of

. registers. The other essential elements of the construction
are realized by digital circuitry in the same way as delay
circuits 1 and 5. In this musical tone synthesizing
apparatus the tones of a plucked-string musical instrument
such as a guitar, etc., are synthesized. Loop circuit 8 in
Figure 1 comprises delay cifcuit 1, adder 2, filter 3, phase
inverting circuit 4, delay circuit 5, adder 6, and phase
inverting circuit 7; it simulates the vibration of the
strings of a guitar and the like.

At this point, the vibration of the strings of a guitar
or the like will be explained with reference to Figure 2.
When the central part of a string S of a guitar is pluckéd by
a pick or fingernail, a vibration wave Wa moving in the
direction from fixed end T, toward T, and a vibration wave Wb
moving in the direction from fixed end T, toward T, are
generated in string S. Here, the fixed ends T; and T,
correspond to the bridge and frets of a guitar. In this
case, the vibration wave Wa 1s phase-inverted at .fixed end



pick PK is separated fromstring S and F becomes 0, the output Vss of
.multiplier 13 is set to O, and excitation circuit 14 is detached froml oop

circuit 8. After this, the excitation signal N [ into | oop
circuit 8 in this way circul ates around | oop I{IEAQ(WENng g’q ual 'y

di mnished by filter 3 and eventual ly exti ngurs ned. The signgl [circul ating
around loop circuit 8 is fetched as a %wusi cal |t pnef ZMARa997 and J]a nusi cal
tone is generated. The position at which thik jusical tone dignal is
fetched can be any position on loop circuit 8 TActordimg—te-tHhis nusi cal
tone synt hesi zi ng apparatus, the waveform of jthe excitation sidgnal can be

controlled with respect to Ioop circuit 8 by neans of the adjustnent of
si gnal Vp, \Mll.c tbecomgenar mexd wyvexcandt isnpropagatedi townrd 18ixaddesdgnal

F,oand it ispfhymifes iR dididl wiieisOpRasal ohvettédicat OBERed Ochal Ch

that T,. becomes a new wave, and is propagated toward fixed end
Ty. String S vibrates according to the waveform resulting
from the addition of vibration waves Wa and Wb, and
eventually vibrates according to a standing wave Ws which has
its widest area in the vicinity of the center of the string.

Delay circuits 1 and 5§ in Figure 1 both correspond to
string S in Figure 2; the delay intervals are set to the
amount of time necessary for the propagation of vibration
wave Wa to fixed end T; and the propagation of vibration wave
Wb to f;xed end T,. Furthermore, inverting circuits 4 and 7
correspond to the fixed ends T; and T, in Figure 2; by thgm
the phenomenon of the phase inversion of vibration waves Wa
and Wb at each fixed end is simulated. By means of this, the
time which it takes the signal to travel once around loop
circuit 8 becomes equal to the vibrational cycle of standing
wave Ws. Accordingly, by the use of the signal transmitted
around loop circuit 8, a musical tone signal with a pitch
which corresponds to the length of string S can be obtained.
In addition, filter 3 simulates the frequency characteriétics
of the decrease in vibration in string S.

Excitation circuit 9, comprising adders 9 and 10,
multiplier 11, ROM 12, and multiplier 13, simulates the -
action of the pick or the fingernail on the string when it is
plucked. )

Output signal Va of delay circuit 1 and oufput signal Vb
of delay circuit 5 are added by adder 9. Here, signals Va
and Vb correspond to vibration waves Wa and Wb in the central
part of string S.in Figure 2; by adding them together, a
signal Vs which corresponds to the velocity in the central
area of string S i1s obtained. Then, signal Vp, which
corresponds to the velocity of pick PK, is added to signal Vs

—+

by adder 10, and a signal Vsp corresponding to the relative
velocity of pick PK and string S is outputted. Here, signal
Vp is outputted from excitation control circuit 15 at the
time of the generation of the musical tones. Figure 4(a)
shows an example of the signal waveform of the signal Vp. 1In
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cal tone
i Tent of the

sliﬂgﬂshgﬂpaﬁ ajus, tones of

of an actual nusical instrument. (Second
:Figure 7 is a bl ock diagram showi ng the con
synt hesi zi ng apparatus according to a secon
present invention. In this nusical tone syntlhe
struck-string nusical i'nstrunents such as pijanos e liKelare created.
Loop circuit 28, which conprises delayécircuit  flilter 23,
phase-inverting circuit 24, delay circuit 25, adder 26, and plase-inverting
circuit 27, simulates the vibration of the stT 1 'in the sane
way as the aforesaid first preferred enbodi nent. The out put signals of
delay circuits 21 and 22 are added by adder 29 and outputted as signal
Vs[err], whiteisCaiueb@aDd:on@ synthesizing apparatus, the positive

direction of movement of pick PK and the positive direction
of movement of string S are defined as opposite directions.
In other ﬁords, in the case where, for example, at the time
when the pick PK is moving downward, its movement velocity is
positive, the upward velocity in string S is defined to be
positive movement velocity.

As Figure 3 shows, in the case in which string S is
plucked by pick PK, at the initial time of plucking, starting
friction is in operation betﬁeen.pick PK and string S; and
string S follows the action of pick PK and is displaced;
however, once plucking is under way, string S is displaced
with some slippage with respect to pick PK. A table of the
nonlinear function A, which models this sort of response of
string § to pick PK, is stored in ROM 12. Figure 5 shows an
example of this nonlinear function A. The vertical line S
in this same diagram corresponds to the area by which string
S is displaced in following pick PK when starting friction is
in operation between sfring S and pick PK. Curves M; and M,
correspond to the area by which string S is displaced with

. some slippage with respect to pick PK when dynamic frzction
is in operation between string S and pick PK.

The greater the force of pick PK, the more string S
follows pick PK in its displacement. In order to reproduce
this action with fidelity, it is necessary to enlarge the
range of area Sg (the range from point P to point'd) in
correspondence with the force of pick PK. In the present
preferred embodiment, -when -a musical toné- signal is.

generated, a signal F corresponding to the force of pick PK
is outputted from excitation signal generating circuit 15,
the input signal is multiplied by 1/F by multiplier 11 and
inputted into ROM 12; in addition, the output of ROM 12 is
multiplied F times by multiplier 13. An example of signal F
is shown in Figure 4 (b). Therefore, the nonlinear function
A describing the transmission characteristics between input
signal Vsp of multiplier 11 and output signal Vss of
multiplier 13 is enlarged F times in the directions of the X-
axis and the Y-~axis in Figure 2. Accprdingly, in this



the velocity of the string. This signal Vs[err] i's nultlplled by a
.coefficient admby nultiplier 30. Thi s coef ehr-w+-—he di scussed
| at er. The output signal of nmultiplier 3ckE?LK£$h %ISH&%H‘lntegratlng
circuit 33, which conprises adder 31 and one-| qanpleée perloa ellay circuit
32. As aresult, integrating circuit 33 outgut]s qmquygoyx ich
corresponds to the 7 1

C

preferred embodiment, it is possible to change the range in
which signal Vss follows signal Vsp in correspondence with
the force of pick PK. In addition, the output signal Vss of
multiplier 13 is made an excitation signal and inputted into
loop circuit 8 through the medium of adders 2 and 6.

In this preferred embodiment, the pick PK plucks at the
middle of string S, so that in order to model the plucking
mechanism of an actual guitar with fidelity, delaying
circuits 1 and 5 were divided in two corresponding to the
plucking position on string S, and in between these points of
division excitation circuit 14 is inserted; it is preferable
to conduct the detection of the velocity of the string (Vva
and Vb) and the output of excitation signal Vss by means of
this. However, even if this is done, the time it takes for
the excitation signal Vss which is inputted at a point of
division to go halfway around the loop circuit 8 and reach a
different point of division is equal to the delay interval of
delay circuits 1 and 5; this equal-value circuit is exactly
the same as that in Figure 1.

Here, the operation of the musical tone synthesizing
apparatus -will be explained. When a musical tone is
generated, signals Vp and F shown in Figure 4 (a) and (b) are
outputted by the excitation signal generating circuit 15 and
.supplied to excitation circuit 14. Then, signal Vp
corresponding to the velocity of the pick PK 1is added to
signal Vs corresponding to the velocity of string S by adder
10, and signal Vsp corresponding to the relative velocity of
pick PK and string S is outputted. At this time, in the case
in which a signal corresponding to the excess vibration from
previous plucking is circulating around loop circuit,é, a
signal Vs corresponding to the strength of this excess
vibration is outputted by adder 9, and the signal Vs is added
to signal Vp to obtain the signal Vsp.

On the other hand, in the case in which the circulating
signal in loop circuit 8 has been extinguished, as the time
lapse since the previous plucking was long, signal Vs becomes
0. Accordingly, signal Vp is outputted as signal Vsp.

In addition, in the case in which signal Vsp is within



di spl acenent of the piano string SP froma baz&iizrﬁe-EEE_shgmm in Figure
8, and the signal x is inputted into subtract CE@HHWPI ee Figure

8), which corresponds to the displacenent of [hgnme |;h S
outputted by integrator 38, discussed later, |ig i -t @ {he ot her
I nput end of subtracter 34. Then subtracten 34 g%’%ﬁ"@s ghal y-x,
whi ch indicates the difference between &ignal § | n ot her

words, a signal which corresponds to the rel ative displacenent; of hamer

HM

and string SP. Here, in the case in which hamier FAMStTikes—string SP, y-x
is positive, and a reverse force corresponding to the anmount of the strike

operates bet mensﬁfaigfwc-i&x@%z@&mr Filiréné ; e sitdiail Ivaad according cxse. in
|
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inputted as an excitation signal into loop circuit 8 through
the medium of adders 2 and 6. In this way, in the case in
which starting friction is in operation between string S and
pick PK, a signal Vss which indicates the velocity of string

. 8 foilowing the movement velocity of pick PK is inputted into
loop circuit 8.

On the other hand, if signal Vsp becomes large, or if
the force of pick PK becomes small, and signal Vsp is outside
the straight-line area in Figure 6, a signal Vss which is
determined by means of the transmission characteristics of
the curved line areas is inputted into loop circuit 8 as an
excitation signal. 1In this way, in the case in which string
S slips with respect to pidk PK, a signal Vss which indicates
the velocity of string S is generated and inputted into loop
circuit 8.

In loop circuit 8, the excitation signal Vss which is
inputted by adder 2 progresses through filter 3 -> inverting
circuit 4 -> delay circuit 5, and is reinputted by adder 9 of
excitation circuit 14. Furthermore, the excitation signal
Vss which is inputted by adder 6 progresses through inverting
circuit 7 -3 delay circuit 1, and 1s reinputted into
excitation circuit 14. This operation is in response to the
phenomenon in which pick PK causes string S8 to vibrate as
shown in Figure 3, this vibration propagates to the left and
right from the plucking position, is reflected at the fixed
ends, and returns'again to the plucking position. Then, in
excitation circuit 14, a signal Vs corresponding to the
velocity of string S at thé plucking position is obtained by
adder 9. Next, in excitation circuit 14, based on this
signal Vs, signal Vp from excitation control circuit 15, and
F, a new excitation signal Vss is put into operation by the
operation described above, and is inputted into loop circuit
8.

The same operation is carried out for the periéd in
which signal F is being outputted, in other words, for the
period in which pick PK is in contact with string S. When



string SP, y-x is either 0 or negative, and the reverse force becones 0.
;A table of the nonlinear function B which indi el ationship
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ROM 35. Figure 9 shows an exanple of this nonl L tjon B
in which hammer HMis constructed of s®ft mat s?fsﬁg& 12@7

di agram shows, in the case in which y-x is 0 gative, in

in the case in which hamer HM does not strikeg string SP,
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obt ai ned fr ®xcReRtisn signal which was inputted into loop circuit 8 in
this way circulates around loop circuit 8, 1is gradually
diminished by filter 3 and eventually extinguished. The
signal circulating around loop circuit 8 1is fetched as a
musical tone signal, and a musical tone is generated. The
position at which this musical tone signal is fetched can be
any position on loop circuit 8. According to this musical
tone synthesizing apparatus, the waveform of the excitation
signal can be controlled with respect to loop circuit 8 by
means of the adjusfment of signal Vp, which is generated by
excitation control circuit 15, and signal F, and it is thus
possible to adjust the tone color of the tones to match that
of an actual musical instrument.

er words,

(Second Preferred Embodiment)

Figure 7 is a block diagram showing the construction of
a musical tone synthesizing apparatus according to a second
preferred embodiment of the present invention. In this
musical tone synthesizing apparatus, tones of struck-string
musical instruments such as pianos and the like are created.

.Loop circuit 28, which comprises delay circuit 21, adder 22,
filter 23, phase-invertihg circuit 24, delay circuit 25,
adder 26, and phase—inverfing circuit 27, simulates the
~vibration of the strings of a piano in the same way as the
aforésaid first preferred embodiment.

The output signals of delay circuits 21 and 22 are added
by adder 29 and outputted as signal Vs;, which corresponds to
the velocity of the string. This signal Vs; is multiplied bj
a coefficient adm by multiplier 30. This coefficient adm
will be discussed later.

The output signal of multiplier 30 is integrated by
integrating circuit 33, which comprises adder 31 and one-
sample period delay circuit 32. As a result, integrating
circuit 33 outputs a signal x which corresponds to the



and this signal Fis nultiplied by a nultiplyimg—ceeff+etrent—oaf, -1/ M by

.multiplier 36. Here, Mdesignates a coeffici GREPWEMEN%SIHEHNO t he

inertial mass of hammer HM nultiplier 36 outpufs a stgnmat~—fteyr| which

corresponds to the acceleration of hamer HM | Thi sq piMpRedgobery1]is

i ntegrated by integrator 37, and a signal [er[] mﬁ?ch co??Zsp nds to the
1]

rate of change of the 10

displacement of the piano string SP from a basic line REF
shown in Figure 8, and the signal x is inputted into
subtracter 34. Signal y (see Figure 8), which corresponds to
the displacement of hammer HM and which is outputted by
integrator 38, discussed later, is inputted into the other
input end of subtracter 34. Then subtracter 34 outputs a
signal y-x, which indicai:_es the difference between signal ¥y
and signal x, in other words, a signal which corresponds to "
the relative displacement of hammer HM and string SP. Here,
in the case in which hammer HM strikes string SP, y-x is
positive, and a reverse force corresponding to the amount of
the strike operates between ‘st;cing SP and hammer HM. On the
other hand, in the case in which hammer HM only lightly
touches string SP or in which hammer HM is separated from
string SP, y-x is either 0 or negative, and the reverse force
becomes 0. A table of the nonlinear function B which
indicates the relationship between the relative displacement
y-x of string SP -and hammer HM and the reverse force F which
operates between string SP and hammer HM is stored in ROM 35.
| Figure _ 9 shows an example of this nonlinear function B in the
case in which hammer HM is constructed of soft materials such
as felt. As this diagram shows, in the case in which y-x is
0 or negative, in other words, in the case in which hammer HM
does not strike string SP, the reverse force is 0, and in the
case in which hammer HM strikes string SP, reverse force F
rises slowly in response to the increase in the relative
displacemen‘l; y-x. In the case in which hammer HM is made of
hard materials, nonlinear function B is set so that F rises
rapidly with respect to y-x. '

In this way, a signal F. corresponding’ to the revérse_
force in response to the relative displacement y-x of hammer -
HM and string SP with a time lapse is obtained from ROM 35,
and this signal F is multiplied by a multiplying coefficient .
of -1/M by multiplier 36. Here, M designates a coefficient
corresponding to the inertial mass of hammer HM; multiplier
36 outputs a signal ©( which corfesponds to the acceleration
of hammer HM. This signal ™ is integrated by integrator 37,
and a signal ﬂ which corresponds to the rate of change of the



velocity of hammer HMis outputted fromintegrator 37. Then, this signal
.lerr] is inputted together with the signal V| I, r@rﬂ\vr cm_i L to the
initial velocity of hanmer HMinto integrator arit E it €gr at or 38
outputs a signal y which corresponds to the d spl acenent of tlhg aforesaid
hamrer HM On the other hand, the signal F,|wii ENARPPEsHords to the
reverse force of hammer HM and stringl®P and | s| outputted frdmjROM 35, is
i nputted into adders 22 and 26 of loop circuitf 28 as the rate qf change of
the velocity inposed on string SP by neans oflhamrer HM__Convedtionally,
the results of the calculation of the rate of change of the velocity of
string SP by the nultiplication of a coefficient which corrgipoc\ﬁ to the
r esi st ance vedoehsy cafinkamier WY dsi pyptpptted | frprsHinipariadRy PRy

correspondsHig tgfgﬁgye e_g_é oaﬁgut&@a |f@g&tﬁdrl RéEDEh Odgheci stghal28lqg but in
the present, preferred of 8% 403 +925 &1 881 elS o BhaiRer i hnto
integrator 38, and the integrator 38 outputs a signal y which
corresponds to the displacement of the aforesaid hmuer HM.
On the other hand, the signal F, which corresponds to
the reverse force of hammer HM and string SP and 1s outputted
from ROM 35, is inputted into adders 22 and 26 of loop
circuit 28 as the rate of change of the velocity imposed on
string SP by means of hammer HM. Conventionally, the results
of the calculation of the rate of change of the velocity of
string SP by the multiplication of a coefficient which
corresponds to the resistance to the change in velocity of
string SP by signal F, which corresponds to the reverse
force, are inputted into loop circuit 28, but in the present
preferred embodiment, a coefficient is included which
corresponds to the aforesaid resistance in addition to the

aforesaid multiplication coefficient adm.

In the following, the operation of the present preferred
.embodiment will be explained. - In the state prior to
_ striking, hammer HM is separated from string SP, and the
relative displacement y-x has a negati(re value. Furthermore,
the sample period delay circuits in the integrators 32, 37,
and 38 are reset to 0. Then, when a signal Vg corresponding
to the initial velocity of the hammer is outputted from a
musical tone generation control circuit which is not shown in
the diagram, the signal Vo is integrated by means of
integretor 38, and the signal y corresponding to the
displacement of hammer HM is changed from a negative to a
positive value with a time lapse. 1In this period, since
hammer HM and string SP are separated, the relative’
displacement y-x has a negative wvalue. 1In addition, signal F
is 0O, as is shown in Figure 9, so that the output ﬁ of
integrator 38 is 0. Accordingly, only the initial velocity
Vg 1s integrated by integrator 38, and the integral valude ¥y
corresponding to the position of hammer HM goes from negative
to positive, in other words, it changes in a direction which
approaches string SP.



corresponds to the aforesaid resistance in addition to the aforesaid
,multiplication coefficient adm In the peration of the
present preferred enbodiment will be expl ai e prior to
striking, hammer HMis separated fromstrin b ajive

di spl acenent y-x has a negative value. Furthe rmi}? A}??ggarral e period del ay
circuits in the integrators 32, 37, ahd 38 r: M . Then, when a
signal VO corresponding to the initial vel ogi brli s outputted
froma musical tone generation control circyit which |s not shown in the
diagram the signal V[err] is integrated by r 38, and the
signal y corresponding to the displacenent of hamrer HMis changed from a
negat i ve to a p@behi veheal bhammerh HY trakes apsdact rwith sspeindSP send e,

hammer HM apd S£é19e1$8 %&&f&@é &g yIJae ﬁgkéblsVeodla'i'Qi aﬁe&”&ﬂ&‘e)é'xahas a

negatlvevalue I n addi tion,. si FIs I N Flgur
that the oROStiper Rlye i & 0”? ggr;gs;gpn jﬂ’ﬁ:o? s';Lzel y )Igh ?ni tial

velocity reverse force in response to relative displacement y-x is
outputted from ROM 35. Next, as stated above, this signal F
is multiplied by the coefficient -1/M and signal oX (negative
value) corresponding to the acceleration of hammer HM is
created, and finally, the signal & is integrated, and signal
ﬁ corresponding- to the component of the change in velocity
over time is obtained. Here, as signal ﬁ acquires a
negative value, integrator 38 performs an integral
caiculatq.on: more specifically, it subtracts signal ﬁ from
initial velocity Vj. Accordingly, the change over time of
the increase in the displacement y of hammer HM becomes
gradually slow. Furthermore, although the displacement y of
hammer HM increases in a positive direction during this
period, as the relative displacement y-x increases, the
reverse force F which hammer HM receives frém string SP
:anreases, as indicated by arrow Fj in Figure 9.
Accordingly, acceleration ©{ and velocity-change component ﬂ
become large in a negative direction. In addition, when the
size of signal B surpasses initial velocity Vg. and the
direction of the velocity of hammer HM changes to a direction
away from string SP, y changes to a negative direction.
'-Then, the relative displacement y-x of hammer HM and string
SP slowly becomes smaller, and signal F corresponding to the

reverse force received by hammer HM from string SP becomes
small (arrow F2). In addition, the relative displacement y-x
is less than 0, in other words, hammer HM moves away from
string SP, ‘it is disengaged from the elasticity.
characteristics of string SP, and the operation of striking-
tﬁe string is completed. In this way signal F corresponding
to the reverse force of string SP at the time of the
operation of striking the string is created, and the signal F
is inputted into loop circuit 28 as a contributing component
moving hammer HM toward the change in velocity of string SP.
In this way, the signal contributing the change in velocity
of string SP is put into loop circuit 28 as an excitation



V[err] is integrated by integrator 38, and fth

al Yarusl y
.corresponding to the position of hamer HNIqREELAEBﬁEﬁHbé FEe|to positive,
in other words, it changes in a direction whi ghapproaches $tfi ng SP
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signal, and is circulated around this circuit. This signal
circulating around loop circuit 28 is then used as a musical
tone signal. In this ekample, the position at which the
musical signal is retrieved may be chosen freely. The
musical tone signal is slowly attenuated by filter 23.

It is possible to make many modifications to the musical
tone synthesizing apparafus shown in Figure 7. For example,
Figure 10 shows an example in which signal Vo corresponding
to the initial velocity of hammer HM is set to the initial
value in the delay circuit of integrator 37, and signal F
corresponding to the reverse force is recycled to the reverse
force calculating system through the medium of delay circuit
39 and adder 40. .

In the preferred embodiment described above, a case was
described in which a musical tone synthesizing apparatus was
realized using digital ciréuitry, however, 1t is of course
possible to realize this by means of analog circuitry, and
the effects obtained will be the same as those obtained in
the case in which digital circuitry was used. Furthermore,
‘it is also possible to use the wave guide disclosed in
Japanese Patent Application, Laid-open publication No. 63-
40199 as a loop circuit including a delay circuit.



Then, when hammer HM nmakes contact with string SP and the relative
.di spl acenent y-x passes 0 and acquires a positive value, signal F
correspondin e size of the reverse force in_response to relative

displacenent/
signal Fis:

i o B

val ue) corresponr ccel eratilén of hamer| HM.i s createq, and

finally, the signal [&rr§ integrated, and signal [1of MARASPT egpdnding to
t he conponent of the change in velocity over ti Is obtained. { {Here, as
signal [err] acquires a negative val ue, integratjor 38 perrorms=an}i ntegral

Vel oo ty v HERR s G Ra:" | SChange over 1 me of e TRETShse i n' the
di spl acenent y of hammer HM becones gradually slow. Furthernore, although
the displacenem musicdRmEdoheH¥yntHeSAEng NappRRaitius efdi I edimulatdirig ng
Lhi s Dot odvofital B2 BChAbRaTUIAGGIRY Wisol NESRAEERed B° VIBKHEFR] 0T O
F whi ch hamver aMrele™VEEFrom St ri

element having predetermined resonance characteristics, and

an operator for imparting energy to the vibrating element so

that the vibrating element vibrates, thereby generating a

musical tone; the musical tone synthesizing apparatus being

characterized by comprising:

(a) closed-loop means (8, 28) functioning as a closed
loop circuit and including delay means (1, 5, 21, 25) having
a delay interval corresponding to a reciprocation period of
the reciprocal propagation of vibrations of the vibrati_ng
element, and ]

(b) excitation means (14) for creating an excitation
signal corresponding to the excitation imposed upon the
vibrating element by the operator according to the state of
the vibrating element and operation of the operator, the
excitation means supplying the created excitation signal into
the closed-loop means (8, 28). -

2. A musical tone synthesizing apparatus in accordance with
claim 1, which is further characterized in that the
excitation means (14) creates an excitation signal which
corresponds to the excitation imposed on the wvibrating
element by the plucking of the vibrating element by the
operator and supplies the excitation signal into the closed-
loop means (8). -

3. A musical tone synthesizing apparatus in accordance with
claim 1, which is further characterized in that the closed-
loop means (8, 28) comprises:

(a) first delay means (1, 21) having a delay interval of
the case in which the vibration propagates in the direction
of either the outward path or the return path of the
vibrating element; :

(b) second delay means (5, 25) having a delay interval
corresponding to the reciprocation period of the reciprocal
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i ncreases, as_indicated by arrow F1 in Figure 9. Accordingly, acceleration
.[err] and vel ocity-change conponent becone large in a pegative direction.
| n addi t i Gls Shedtdias BdaeReplazed Oof signal [err] surpasses i [PHR

21/[ errl_, animuﬁ:"nmmlimﬁ of the velocity of hammer HWM :@TLSHEET
irection
n -

g SP, y changes to a negative|d recti on. Then
rel ati ve displ acene of hammer HMZnd string SP s| o yI,7 MARGESZ

smal l er, and signal F corr ding to the reverse forgceg recei ved by Rarner
HM from string SP becones gsmn\a—?mlffﬁm. In addition, théTefrati\e
di spl acenent” y-x i s |ess thgmgmmmmm“ rds, harrrer HM moves away fom
string SP, It is disen h . elasticity. characteristics of
string SP, and the operation of striKi n the string is conpleted. In this
\Aﬁy si gnal prepagetpondidf wabraticiier $a foHr dd refctstidn n@tﬁlaz'altthbﬁ td me of
the operati | i t (L0, ed, t lagpal F is

| nputted i n?gr%})%%&gi#c% %cz’sleggcg%ﬁﬁg%ﬁ@ n%e(%?é)’rr%or?%%te §lgtg)\'/' ng hamer HM
toward the chang€e) nf{Esbcilnyestingr mggnsp (7, 27) for phase-inverting

the excitation signal and outputting the phase inverted
excitation signal to the first delay means (1, 21);

_ (d) second inverting means (4, 24) for phase-inverting
the excitation signal and outputting the phase-inverted
excitation signal to the second delay means (5, 25);

(e) filtering means (3, 23) having frequency
characteristics of the vibrating element and attenuating the
excitation signal in accordance with the frequency: _

(£) first adding means (2, 22). for adding the excitation
signal outputted by the excitation means (14) to the
excitation signal outputted by the first delay means (1, 21);
and

t he

(g) sécond adding means (6, 26) for adding the
excitation signal outputted by the excitation means (14) to
the excitation signal outputted by the second delay means (5,
25).

4. A musical tone synthesizing apparatus in accordance with
claim 1, which is further characterized in that . the
excitation means (14) is provided with a memory means (12)
for storing a table of a nonlinear function"répresenting
résponses of the vibrating element for various relative
velocities between the operator and the vibrating element,
and the excitation means outputs a predetermined excitation
signal in response to a relative velocity between the
operator and the vibrating element.

5. A musical tone synthesizing apparatus in accordance with
claim 1, which 'is further characterized in that the
excitation means (14) creates an excitation signal
corresponding to the excitation imposed on the vibrating -
element by the striking of the vibrating element by the
operator and inputs the excitation signal to the closed-loop
means.
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6. A musical tone synthesizing apparatus in accordance with
claim 1, which is further characterized in that the
excitation means (14) consists of a memory means (35) in
which a table of a nonlinear function which indicates the
relationship between the relative displacement between the
vibrating element and the operator, and the resiliency in
operat;on between the vibrating element and the operator is
stored, and which outputs the resiliency as the excitation
signal in response to the relative displacement.

7. A musical tone synthesizing apparatus in accordance with
claim 4, which 1is further characterized in that the memory
means (12, 35) comprises non-volatile memory.

8. A musical tone synthesizing apparatus in accordance with
claim 6, which is further characterized in that the memory
means (12, 35) comprises non-volatile memory.

9. A musical tone synthesizing apparatus in accordance with
claim 1, which 1s further characterized in that the delay
means (1, 5, 21, 25) comprises shift registers comprising.
'flip-flops corresponding to the number of bits of the
excltation signai.'

—_
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tone signal. In this exanple, the position at which the nusical signal is
.retrieved may be chosen freely. "The nusical tone signal is slowy
attenuated by filter 23. It is possible to make many nodifications to
t he nusi cal tone synthesizing apparatus shown in Figure 7. For exanple,
Figure 10 shows an exanple in which signal V[err] corresponding to the
initial velocity of hammer HMis set &d the initial value in the delay
circuit of integrator 37, and signal F corresponding to the reverse force

is recycled to the r fo calculating systemthrough the nmedi um of
delay circuit 39 and%@ O'{'&&E M*J%fé*ﬁ%%‘?&?%%ﬁ%? di rent descri bed
above, a case was described in which a nusical tone synthesizing apparatus

was realized using digital qigsawachy orheRevVetscLdsURE of course possible to
realize this by neans of analog circuitry, and the effects obtained will be

the same as those obtained in the case in which digital circuitry was used.
Furthernore, it Asmisdeglostonee symthasizingasergriadarsli s @ydesizes

musical tones by simulating the tone generation construction
of a plucked-string or struck-string instrument. The
apparatus has a loop circuit which simulates a vibrating
element of the instrument, an excitation circuit creates an
excitation signal corresponding to the excitation given to
the vibrating element in response to the operation of
operators such as a pick or a hammer or the state of the
generation body and a memory which stores a noxi-linear
relation between the operator and the vibration element. The
excitation signal circulates around the loop c¢ircuit and is
delayed by means of a delay circuit with a previously
determined delay interval, and 1is fed back into the
excitation circuit as the state of the vibrating element. |
To realize a variety of sounds depending upon charécte_ristics
of the operator, such as the shape and hardness of the pick
or the hardness of the hammer, a readout value of the memory,
which is read out according to such characteristics, is
supplied to the loop circuit.

Figure 1.
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Japanese Patent Application, Laid-open publication No. 63- 40199 as a | oop
.Ccircuit including a delay circuit.
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1. A nusical tone synthesizing apparatus for simulating tones of a

, musi cal instrument which conprises a vibrating el enent having predeterm ned
resonance characteristics; and neans for inparting energy to the vibrating
el ement so that the vibrating el enent vibrates, thereby generating a

musi cal tone; the nusical tone synthesizing apparatus conprising:

(a) closed-1loop neans (8 28) functiong as a closed loop circuit and

i ncl udi ng del ay ﬁ? 5) having a delay interval correspondi ng
to a reC|procat|§Eﬁ3§CD§ﬁi fbHEET eci procal propagation of vibrations of

t he vibrating ellefent, and (b) excitation nmeans (14) for creating an
excitation signdl conﬂﬁmqwmwmm)t the excitation inposed upon the

vi brating el enment by the nmeans fof inparting energy to the vibrating

el enent, wherein] sa+g—exctrtatton ans (14) has nonlinear function neans
(35), representijng the rel ati onshijp between the state of the vibrating

el ement and operatron of the nmeans for inparting energy to the vibrating.

el ement, the excitation neans supplying the created excitation signal into
the cl osed- | oop neans (2[128) characterized in theg3
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said excitation neans further conprises integrating neans (37, 38)
. connected to the output of the nonlinear functlon nmeans (35) and having an
input for receiving an initial value (V[err]), ,

i ntegrating nmeans being connected to the input

means ( 35). 2. A nusi cal tone synthesi zi ng ac’cordance with
claim1, which is further characterizéd in that |th 72£§§3ﬁbl h freans (14)
creates an excitation signal which corresponds h atfoh inmposed on
~the vibrating el enment by the plucking of the yibta el enent py the neans
for inparting energy to the vibrating el enent|and supplles t he Jexcitation
signal into the closed-loop neans (8). 3. ATUSTCa—+one AntheS|Z|ng
apparatus in accordance with claim1, which is further characterized in.

that the closed- |oop neans (8, 28) conprises: (a) first delay neans
(1, 21) having a delay interval of the case in which the vibration
propagates in the direction of either the outward path or the return path
of
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15 Tt heé vi br af REPLACEMENT SHEET| (b) second del ay neans (5, 25) p‘rg%j_dﬂg,ja
del ay intervall g ' ojthe reciprocation period of the 9% procal
propagati on of| \i bt at,i & | i rection other than a direction along which
t he vi brating {el en@gt%'ggtﬁ%ér?gs -(c) first inverting neans (7, 27) for
phase-inverting ithe excitati $i gnal and outputting the phase inverted
excitation sidgnal to the first gelay rffeans (1, 21); (d) second

i nverting nmeans—4—24—for—phrase-i nverting the excitati on signal and

out putting theg)hase-i nverted excitation signal to the second del ay neans
(5, 25); MUSTCAL TONE SYNTHESIZING APPARATUS

(Field of the Invention) ;

This invention relates to a musical tone synthesizing apparatus which is used in the
synthesis of the musical tones of plucked-string or struck-string instruments.’

(Prior Art)

Devices which put into operation a model obtained by simulating the tone production
mechanism of an acoustic musical instrument and thus synthesize the tones of the
acoustic musical instrument are commonly known. Conventionally, devices which
synthesize the tones of stringed musical instruments are known which have a
construction in which a non-linear amplifying component which simulates the elastic
characteristics of the strings in combined in a closed loop with a delaying circuit
which has a delay interval corresponding to the harmonic cycle of the strings. In this -
type of musical tone synthesizing apparatus, this loop circuit is brought o a resonant
state and a fixed signal is circulated in the loop circuit. Furthermore, the signal

' circulating in the loop is taken for use as the musical tone signal. This type of
technology was disclosed in EP-A- 0 248 527, JP-A-6,340,199 and US-A-
4,130,043.

In the conventional musical tone synthesizing apparatuses described above, in the case
of a plucked-string instrument such as a guitar, for example, as the stiffness or shape
of the pick change, the behaviour of the string when plucked changes, so that differing
tones are generated. Furthermore, in struck-string instruments such as pianos, as the
hardness, etc., of the hammers change, differing musical tones are generated.
However, in conventional musical tone synthesizing apparatuses, the state and action
of the physical system in which the strings are excited, such as the stiffness and shape
of the pick, the hardness of the hammers, etc., were not simulated, so that the musical
tones could not be synthesized with fidelity.



(e) ~fi [teri ﬁg means (3, 23) having frequency characteristics of the

Vi brating el enent
the frequency;

excitation signal
si gnal

outputted by the first delay means (1, 21);

and attenuating the excitation signal in accordance with
(f) first adding nmeans (2, 22) for adding the
outputted by the excitation neans (14

and |REPLACHMENS SIORT |

addi ng neans (6, 26) for adding the ex2itation signal outputitTed by tte-
excitation nmeans (14) to the excitation signal outputte
del ay neans 55, 25) . 4. A nusi cal tone synthesi zi ng
accordance w Is further characterized i
excitation neans (14) |s provided with a nenory nmeans (j12) for storing a
tabl e of a naonlinear function representing responses of 1nhe vibtratrng

el ement for ¢&F9EElYr Bi5d PWPOes i inveptian,d Niewhef W@a‘?l@”f‘@Fa“F?&)QﬁqﬂF?@d
energy to th@bwd?rtatpraﬁd6|a?ﬁiﬁr§1caaﬂ6hé bsanmeémaglarp@afdt@mmﬁch aan'i caft¢ out the

excitation nea uts r edet rmne exmta n response to a
ol at Lve vel SERRsth o e Rt b &RnGed isitiimefls, Wi S, o FOY GRS Gnh
el enment and theecactiolar aft tha phykieaksysiem of hammers, p:cks. and the like which excites the

strings.

Therefore, this invention provides a musical tbne synthesizing apparatus for
simulating tones of a musical instrument which comprises a vibrating element’ ha\}ing
predetermined resonance characteristics, and means for imparting energy to the
vibrating element so that the vibrating element vibrates, thereby generating a musical
tone; the musical tone synthesizing apparatus'comprising a closed-loop means
functioning as a closed loop circuit and including delay means having a delay mterval
corresponding to a reciprocation period of the reciprocal propagation of vibrations of
the vibrating element, and excitation means for creating an excitation signal
corresponding to the excitation imposed upon the vibrating element by the means for
imparting energy to the vibrating element, wherein said excitation means has
nonlinear function means, representing the relationship between the state of the
vibréting element and operation of the- means for imparting energy to the vibrating
element, the excitation means supplying the created excitation signal into the closed-
loop means characterized in that said excitation means further comprises integrating
means connected to the output of the nonlinear function means and having an input for
receiving an initial value, the output of said integrating means being connected to the
. input of said nonlinear function means.

In other words, an excitation signal is generated by the excitation means in-response to
the operation of the means for imparting energy to the vibrating element, according to
said excitation signal the loop circuit is excited and brought to a resonant state, and
said excitation signal is taken for use as the musical tone signal.



5. ~ A nusical tone synt hesi zi ng appar at us in.accordance with claimi1,
“which is further characterized in that the excitation neans (14) creates an -
excitation signal corresponding to the excitation inposed on the vibrating
el ement by the striking of the vibrating el enent by the means for inparting
energy to the vibrating elenent and inputs the excitation signal to the

cl osed- | oop neans. 6. A nusi cal tone synthesizing apparatus in
accordance with claim1, which is furdfler characterized_in that the

excitation nmeans (14) consists of a nenory neans (35) irREﬂj M mfl a
nonl i near function which indicates the relationship bet t

o opl scerenl coAtHGen L i bt el ang (he neare | o {ghghopo
RN [T e ke

1. A musical tone synthesizing apparatus for simulatiﬁg tones of a musical
instrument which comprises a vibrating element having predetermined resonance
characteristics; and means for imparting energy to the vibrating element so that the
vibrating element vibrates, thereby generating a musical tone; the musical tone
synthesizing apparatus comprising:

(a) closed-loop means (8, 28) functioning as a closed loop circuit and‘
including delay means (1, 5, 21, 25) having a delay interval corresponding to a
reciprocation period of the reciprocal propagation of vibrations of the vibrating

element, and

(b) excitation means (14) for creating an excitation signal corresponding to
the excitation imposed upon the vibrating element by the means for imparting energy
to the vibrating element, '
wherein said excitation means (14) has nonlinear function means (35), representing
the relationship between the state .of the vibrating element and operation of the means
for imparting energy to the vibrating element, the excitation means supplying the
crea{ed excitation signal into the closed-loop means (8, 28) characterized in that
said excitation means further comprises integrating means (37, 38) connected to the
output of the nonlinear function means (35) and having an input for receiving an
initial value (Vp), the output of said integrating means being connected to the input of

: said nonlinear function means (35).

2. A musical tone synthesizing apparatus in accordance with claim 1, which is
further characterized in that the excitation means (14) creates an excitation signal
which corresponds to the excitation imposed on the vibrating element by the plucking
of the vibrating element by the means for imparting energy to the vibrating element
and supplies the excitation signal into the closed-loop means (8).

3. A musical tone synthesizing apparatus in accordance with claim 1, which is
further characterized in that the closed- loop means (8, 28) corhprises:

(a) first delay means (1, 21) having a delay interval of the case in which the
vibration propagates in the direction of either the outward path or the return path of
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the vibrating element;

(b) second delay means (5, 25) having a delay interval corresponding to the
reciprocation period of the reciprocal propagation. of vibrations in a direction other
than a direction along which the vibrating element extends;

{c) first inverting means (7, 27) for phase-inverting the excitation signal .
and outputting the phase inverted excitation signal to the first delay means (1, 21);

(d) second inverting means (4, 24) for phase-inverting the excitation signal
and outputting the phase-inverted excitation signal to the second delay means (5, 25);

(e) filtering means (3, 23} having ‘frequency characteristics of the vibrating
element and attenuating the excitation signal in accordance with the frequency; -

(f) first.adding means (2, 22) for adding the excitation signal outputted by the
excitation means (14) to the excitation signal outputted by the first delay means (1,
21); and

{(g) second addmg means (6, 26) for adding the excitation sngnal outputted by
the excitation means (14) to the excitation signal outputted by the second delay means
(5, 25).

4. A musical tone synthesizing apparatus in accordance with claim 1, which .is
further characterized in that the excitation means (14} is provided with a memory
means (12) for storing a table of a nonlinear function representing responses of the
vibrating element for various relative velocities between the means for imparting
energy to the vibrating element and the vibrating element, and the excitation means
outputs a predetermined excitation signal in responsé to a relative velocity between
the means for imparting energy to the vibrating element and the vibrating element.

5. A musical tone synthesizing apparatus in accordance with claim 1, which is
further characterized in that the excitation means (14) creates an excitation signal
corresponding to the excitation imposed on the vibrating element by the striking of the
vibrating element by the means for imparting energy to the vibrating element and
inputs the excitation signal to the closed-loop méans. | '

6. A musical tone synthesizing apparatus in accordance with claim 1, which is
further characterized in that the excitation means (14) consists of a memory means
(35) in which a table of a nonlinear function which indicates the relationship befween
the relative displacement between the vibrating element and the means for imparting
energy to the vibrating element, and the resiliency in operation between the vibrating
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‘element and the means for imparting energy to the vibr.ating element is stored, and
which outputs the resiliency as the excitation signal in response to the relative
displacement.

7. A musical tone synthesizing apparatus in accordance with claim 4 or 6, which
is further characterized in that the memory means (12, 35) comprises non-volatile
memory.

8. A musical tone synthesizing apparatus in accordance with claim 1, which is
further characterized in that the delay means (1, 5, 21, 25) comprises shift
registers comprising flip-flops corresponding to the number of bits of the excitation
signal. '
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