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Calculation of formant frequencies

of twin-tube and n-tube approximations

of the vocal tract.

~ J.G.Blom, E.O.Kappner -
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1. Summary

In this report two programs in Basic Fortran IV are described, which
calculate the formant frequencies of models of the vocal tract. The
first program calculates the formant frequencies cof the so.called
twin-tube model. The second, which can be considered as a further
development of the twin-tube program,takes a series of 20 connected
tubes, each with uniform cross-areca, as an approximation of the vocal
tract. In both programs the calculations are based on the theory of
four terminal networks and the bi-section iteration method of Bolzano.
The programs are primarily written for an IBM 1130 system, but can
easily be modified for other systems. The console typewriter is used
for the input of the parameters. The programs are self-instructing.

2. Introduction

The literature on the calculation of formant frequencies mentions
several models of the vocal tract.They all are one-dimensional models.
In most cases the boundarxy conditions are: u = 0 (u = velocity ) at
the vocal cords, and p = 0 (p = sound pressure) at the lips. Two
types of models can be distinguished:
(a) models in which the cross area is a continuous function of place,
(b) models in which the vocal tract is approximated by a number of
tubes with uniform cross-areas.
Examples of type (a) are presented in calculations based on Webster's
horn equation, as done, for example, by Ungeheuer (1). A well-known
model of type (b) is the so-called twin-tube, which was presented
first by Dunn (2), and later by Fant (3). Mol's formula (4), which is
built on other parameters, is easier to handle. Since the twin-tube
equation is trancendental, in the general case its solution can only
be found by numerical methods.
In the case of vocal tract models consisting of a greater number of
tubes, it is hardly possible to derive manageable equations. Using =a
computer, it is possible to avoid the derivation of the equation, as
will be shown later on (4.2.6.).
In this report two programs are presented. Both are written in Basic
Fortran IV for an IBM 1130 system, but can easily be modified for
other systems. The first program, written by Blom, is a numerical

solution of the twin~tube equation. The second, the n-tube progranm,
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written by Blom and Kappner, uses an algorithm to determine the
formant frequencies of a chain of an arbitrary number of tubes. For
practical reasons the number of tubes is limited to 20 in this
program. In modifications for other computing systems this limit
can be adapted to the precisien of the system.

Further work in this field is in progress, and will be reported
upon later.

In this report the following notations are used:

is the cross-area of the tube,

is the velocity of the air particles,

is the volume velocity ( v = S.u ) ,

is the velocity of sound propagation,

is the sound pressure,

is the density,

is the frequency,
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is the angular frequency ( @« = 2nf ) .

3. Basic Principles
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For a tube with uniform cross area, which has a length l and a

Ccross area 5 the relation between pressure and volume veloc1Ly

'

at both ends (po,v0 and P,V respectlvely) is given by:

1

where A, , B, , C_ and D, are the four-pole coefficients:
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and the open ending (lips) at the n'th, we have as boundary

conditions:
vy = 0 and P, = 0 .
Thus:
Py A B 0
0 Cc D v0 .

Then the condition :
D = 0 (1) :
must be fulfilled. This is an equation in w ; the solutions give

us the resonance frequencies of the system.

For a small number of tubes, the matrix multiplication can easily

be carried out. In the case n = 2 ( twin=-tube ) , the condition {1)

becomes :
CI_B2+ D1D2 =0 ,
or:
S wl wl W wl
i s sin et . 3 £S gin o cos —ik cos o 0
GC o 82 c e c
| wl1 wlz S1 mll wlz
cos-?—cos—c—--g;snm?SLn? = 0
Introducing the parameters:
l = total length = 1] + l2 ’
; S,
k = ratio of the cross areas = §= ’
i
A = excentricity = % |l1 - 12] ( see fig. 3 ) and
B = relative excentricity = <

-

this equation can be reduced as follows:
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A has been introduced as an absolute value. Since it only appears
under the cosine function, its sign is of nc consequence.

The equation (2) is the well-known twin-tube equation in the form
given by Mol. The twin-tube program starts from this equation.
Since the complexity of the expression D increases rapidly with
the number of tubes, a slightly different approach must be chosen
for the n-tube program ( see 4.2.5 ).
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Suppose f£(x) 1is a continuous and bounded function on ( Q0 ,= ). We
want to approximate the values of x, for which f(x) = 0 . ( Let us
assume that such values exist.) Let these values be denoted as Xy o
Xy o cer X g e successively. Suppose that we can find a certain
value d, (d > 0) , such that for each pair of successive zeroes
holds : x =~ x,_, > d, and a value ¢ {c > 0) , such that x]> c
Then we construct a series of trials, denoted as x = t t

0’ "2’ “2°°

LR in the following way.

The numbers 0, 1, 2, .o denote the

successive trials to, t1, t2, cea

Fig.h
The first trial is : t0 = ¢. We determine the sign of f(to)
The next trial is: t, =c+ d, and the sign of f(t,) is determined.
If this sign is the same as the sign of f(to) , the next trial is:

t2 = ¢ + 2d . In this way we continue, every time determining the
sign of f(tn) . As long as this sign is the same as that of f(to),
the next trial is obtained by adding d to the preceding.

We assume that f(tn) # 0 for each n . (If f(tn)=0 for a certain n ,

the zero is found, and the process is stopped.)

We continue, until we have got a trial tk = c + kd, for which the
sign of f(tk) is opposite to the sign of f(to) . Then the zero X,
must be between the last two trials, t,_., and t, . We now "go back-
ward" in steps of ¥d ( that means: B = tk—%d Pt b T d) ,
again determining the sign of each tn' until the first trial tk+i

for which the sign of f(t ) is opposite to the sign of f(tk) .

k+i
( Thus: i =1 or i = 2. ) Then x1 must be between the last two

trials, and we "go forward" in steps of %¥d. This process is con-

tinued until Xy is approximated sufficiently accuratély.

To approximate the value of Xy 1 We repeat this process: we start

from the approximated value of X, and take as the first trial

x, +d , and so on. The decision go forward " or " go backward "

1 !
must now depend on signs opposite to those, determining this

decision when approximat‘.ing %)



It is clear that the error in the appraximated value of X,

is independent of that of X, .
The iteration method herc¢ described is known as the bi-section

method of Bolzano. It is well suited to high speed computers.

4. Flow-chart narratives.

Both programs are self-instructing. The instructions are pcinted
on the console printer. The keyboard is used for the input of the

parameters, the punching of data decks thus being avoided.

Appendix III is a listing of the twin~tube program. Appendix I con-

sists of:

(1) a flow-chart of the twin~tube program,

(2) a separate flow-chart of the calculations carried out in the
twin-tube program ("CALCULATE" in flow<chart (1)).

Cbserving the fcllowing remarks, the course of the prouram can

easily be read from these appendices.

4.1.1. ¢ is defined as 3%000 om/sec, a normal value for the warm
air in the vocal tract. By means of data entry switch 14 this
parameter can be changed (statements 130 ff. ). In statement 145

a test is built in for extreme values of c.

4.1.2: If data switch 15 is on, the program stops.

4.1.3. Every time when reading parameter values, the program tests
the field. This is realised by reading all the places out of field;

if a value ¢ 0 is encountered, an error message is produced.

4.1.4. The counter INT causes the instruction in statement 255 to

be printed once only, namely after the first run of calculations.

4.1.5. Three tests for the values of the twin-tube parameters are
built in (statements 195, 205, 215.) . In the case of extreme

values, the program gives error messages. The tests are the following:
(a) 1 must be between 10 and 25 cm. This is only hecause of the

practical object of the program: calculating models of the vocal



tract. Technically the program could go beyond these limits.
Difficulties only arise at very great values for 1, for example:

a model having k = 8 and £ = 0 , would produce, at an l-value

of more than 1 meter, frequencies of the first and second formant

so close to each other, that they would come within one single
approximation step (see 3.2. and 4.1.7.).

{b) k must be between 0.1 and 1Q0. This limitation is for mathematical
reasons. '

Writting the twin-tube equation ({(3.1.,(2)) as:

1-k w1l
+k €°S ¢ '

-

i

cos

[N

the solutions can be found as the intersection points of two cosine

functions, one having maximal and minimal values of +1 and -1 ,

the other of %%% and - %%% Both for great and small values of

k, the value of %%% is close to 1.

In this case, in the neighbourhood of those values for w for which
both functions are about maximum ( or minimum ) , there are two
intersection points close to each other (see fig.5). It now may
happen that these points come within one approximation step,which

means that two formant frequencies may be missed.

Jok v m e c e n e
1+k

O |-=w-

Fig.5

(c) B must be between =1 and +1 . By definition, B has no physical

meaning for other values.

4.1.6. Statement 245 + 1 tests for the sign of the expression D
(3.2.,(1)), which for the twin-tube has the form of 3.1.,(2). Two

parameters T1 and T, are used, each of which is either +1 or -1.

2



The sign of T_ changes every time that the sign 0f D is changed;

2

1
another formant frequency. This is the way in which the decision

the sign of T, changes evervy time the program starts to approximate

"go forward/go backward" is governed.
Since 0.1 s k 5 10, (see 4.1.5.,(a)), it follows that:

. i=k
U & oog @
and:
wl i-K wbl
—_— e -—= > 0 for l val f w
cos p Tk cos o or small values o

The first trial t, ( see 3.2.), which only served to determine the

sign of the expregsion D for small values of w , can be omitted.

Both Tl and T2 are first defined as -1

4.1.7. The.value of F ( trial frequency ) is first defined as

zero, and DF (increment of F )} as 32 Hz. Therefore the trials to,tl '
t2,.... are: 32, 64,96, ....Hz, until the sign of D changes. In other
vords, our assumption is that the difference between two successive
formant frequencies is more than 32 Hz, and the first formant

frequency is more than 32 Hz.

4.1.8. In statement 235 the step length is devided by 2, and 235 + 1
tests for the step lenygth: if this is less than % Hz, the process is
stopped. Statement 250 represents a rounding-off procedure: % Hz is
added to the last trial, and the figures to the right of the decimal
éoint are deleted. This deletion is effected by the FORMAT-statement;
this is not mentioned in the flow-chart. In this way we round off

to the nearest whole number of Hz. If the fracticnal part of the

last trial is exactly .5, rounding off occurs to the next greater

vhole number of Hz.

4.2. n-tube program.

Appendix IV is a listing of the n-tube program. Appendix II contains
the flow-chart, and, just as in the case of the twin-tube program,
a separate flow-chart for the calculations. The following remarks

refer to these appendices.




...68..

4.2.1. In three places the flcw-chart has the words: WRITE INSTRUCTION,
followed by a number in brackets. These numbers refer to the sections
of Appendix VI where the respective instructions are shown.

4.2.2. There are two input modes:
mode 1: all tubes have the same length,

mode 2: there are tubes which have different lengths.

4.2.3. The following table gives a survey of the parameters to be
entered through the keyboard and of the data entry switches by means

of which the parameter values can be changed.

Name_of parameter meaning data_entry switch
MODE input mode,see 4.2.2 1

NMB number of tubes (s 20) 2

KTOT number of formant

freguencies to be
calculated (s 4 )

c velocity of sound
S(I) diameter of the Ith
tube 9, to change diameters
of all tubes
(I=1, ...,NMB) 8, to change diameter

of one tube only
In the case of mode 1:

LN length of each tube 5

In the case of mode 2:

LNGTH(I) length of the Ith tube 7. to change lengths
(I= 14,...., NMB) of all tubes

6, to change length
of one tube only

If data switch 6 or 8 is on, the program first inguires which tube
must be changed.

Data switch 15 causes the program to stop.

The course of the program when testing for the different data switches

can easily be read from the flow-chart.



Contrary to the twin-tube program, no tests are built in for
parameter. values and for the field. The program, therefore, is
supposed to work in an error-free environment. Errors in the

calculated formant fregquencies are data-dependent.

4.2.4. The diameters of the tubes are specified in the input.
Since the calculations are in terms of cross areas, the diameters
have to be converted accordingly. Only the ratios of the cross
areas are of impcrtance, so it is sufficient to square the

diameters ( statements 205-210).

4.2.5. Contrary to the twin-tube program we do not have an equation
to start from. We therefore proceed as follows. The trial

frequency is filled in in the four-pole coefficients of the dif-
ferent tubes, so that these become constants. With these constants,
the matrix multiplicaticon is carried out, which gives us the num-
erical value of the expression D for this trial.Depending on this
value we take the next trial as described in 3.2.

In the program this is realised as follows.

After defining the trial frequency, the unit macrix is loaded in a
buffer AMAT (360 ff.).

A matrix BMAT is defined as the four-pole matrix of the first tube
in which the trial frequency is filled in ( depending on the mode:
statements 365 ff. and 375 ff, or 38C ff.). Subseguently AMAT x BMAT
is calculated (385 ff.), and this prcduct is stored in buffer

AMAT ( 385+4 ). Now BMAT is defined as the four-pole matrix of the
second tube, and AMAT »x BMAT is calculated again, and this product
is stored buffer AMAT, and so on. When this loop is ended, the buf-
fer AMAT contains the product of the four-pole matrices of all the
tubes. Statement 410 + 1 tests for the lower~right element of this
product matrix.

4.2.6. The 2x2-matrices to be multiplied contain real numbers in the
principal diagonal, the other two elements being imaginary.The
product of two of such matrices is of the same form again. Only the
lower-right element of the product matrix is used, which is real.

As a consequence of the imaginary numbers, certain terms in the

product have minus signs.These are stated in the matrix multiplicatiorn
in the statements 385 ff.; the factors i themselves are omitted.

4.2.7. In the lower-right element of the product matrix, the factors

pc from the four-pole coefficients cancel each other out. This is
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why they are left out in the calculations.

4.2.8. F (trial frequency) is first defined as 32 Hz, and DF
(increment) as 64 Hz. The assumption, therefore, is that the first
formant frequency is more than 32 Hz, and the difference between

two successive formant frequencies is more than 64 Hz.

4.2.9. Two parameters Tl and T2 are used in the same way as in the
twin-tube program (see 4.1.6.). For the twin-tube the sign of the
expression D for small values of w is known beforehand. In the n-tube
program this sign is determined in the first trial (32 Hz) and
depending on this sign a parameter TT is set to +1 or -1 ( 395 ff.).

S Applicationé.
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Appendix V shows an output of the twin-tube program.

5.1.1. In the first section , marked (1),the twin-tube parameters
are defined on the basis of a print-plotted twin-tube model and an
instruction is printed, prescribing how to enter the parameters.
When the "program start"-key is pressed, three pairs of brackets
are printed, in which the parameter values have to be filled in.
After pressing the "end of field"-key the calculations are carried
out and the formant frequencies are printed on the next line. By
pressing the "program start"-key once again, new parameter values

can be entered.

5.1.2. In section (2), the parameters of the model for [ @], a tube
with a constant cross area, are filled in. The formant frequencies

are the odd harmonics, produced by an organ pipe closed at one side
and open at the other, and having a length of 17.5 cm ( the average

length of the male vocal tract ).

5.1.3 In section (3) the parameter values of the model of Dutch [a ]
are filled in (see Mol, (4)).

5.1.4. In section (4) the velocity of sound is defined as 34000 cm/s
(data switch 14), and the same twin-tube parameters as those in
section (3) are filled in. As is to be expected, a lower value for

c results in lower formant frequencies.



5.1.5. In sections (5}, (6) and (7), the parameter 1, k and 8,
respectively, are out of their specified ranges ( see 4.1.5.).
In each case an error message is prouduced and new brackets are
printed. In section (8) all the parameters are within the specified

ranges again.

peaptApagh-pEihy N ey suihe g L T

The following remarks refer to the output of the n-tube program,

reproduced in appendix VI.

5.2.1. In section (1) , an instruction is printed and some of the

parameters are defined. After pressing the "program start"-key ,
brackets are printed to specify the mode, the number of tubes, the

desired number of formant frequencies, and the .velocity of sound.

$.2.2. In the case of mode 1,the instruction in section (3) is
printed. After this, brackets are printed for the specification of
the dimensions of the tubes. In section (4} the model for [ e ] is
calculated. Section (5) shows the output when calculating the
twin-tube model for Dutch [a ], first for c = 35000 cm/s and then
for ¢ = 34000 cm/s, just as is appendix V.

Whereas in the twin-tube program the ratio ©f the cross areas 1is
used as a paramcter, in the n-tube program it is the diameters of

the tubes that have to he specified.

5.2.3. In section (6) LN is changed by means of data switch 5. The
computer calculates again, the cthex parameters remaining unchanged.
A comparison with section (%) shows that greater lengths result in

lower formant frequencies { the "law of proportional growth" , see
Ungeheuer (1)).

5.2.4. If data switch 41 is on, the program branches to the
beginning, immediately after the first instruction (section (7)).
The mode is now defined as 2. An instruction is printed which 1is

slightly different from that printed in the case of mode 1.

5.2.5. As can be seen in section {8) , the specification ¢f the
dimensions of the tubes takes two lines when the number of tubes is
more than 10.. First ten pairs of brackets are printed on one line,
and after the values for the first ten tubes have been filled in
and the "end of field"~key has been pressed, the remaining pairs of

brackets are printed on the next line.

5.2.6. Section (9) is produced by setting data switch 8 on. Only
the diameter of the 18th tube is changed; the remaining parameter

values are left unchanged.
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Appendix I.

(1) Flow-chart twin-tube program.

(START)

INT = O
|
C = 35000,

\WRITE INSTRUCTION /
g !

I

»

125 PAUSE
DATSW 15 = >
of <
120 DATSW 1 s
off 135 \WRITE:"v( )v/f-
READ C
140
no
TELD CORRECT 2 ERROR MESSAGE |-
W
es
145 : , 55
5 , _
0000. < C < 100000, ERROR MESSAGE

160 °~ yes

WRITE :"RESET DATA ENTRY,
SWITCH 14 AND PRESS
PROGRAM START KEY" k

I /T U}
PAUSE
N

165\ WRITE BRACKETS FOR
SPECIFYING PARAMETERS

\READ K, BETA, L/

on

off

y ayals




255

no
IELD CORRECT 2

yes

195 10 L& 25: ¢
yes

205 |BETA[S1.2
‘yes

215 0:1<K< 10,7

no

no

yes

CALCULATE

1

25041 \WRITE FOR(K), K=1,4/

|

INT = INT + 1

no

oA

185 - A
ERROR MESSAGE [

200
[ERROR MESSAGE H
210

[ERROR MESSAGE

2285
ERROR MESSAGE [~

WRITE:"PRESS PROGRAM START KEY
TO ENTER NEW PARAMETERS. SET
DATA ENTRY SWITCH 15 AND PRESS
PROGRAM START KEY TO STOP."

v

W/

260‘WRITE:"END OF TWNTE"

(STOP)
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(2) Flow-chart calculations twin-tube program.

230 P = 6.28%3825 * LNGTH / C
Q P * BETA
K = (1. = AK)/(1. + AK)
F - O-
1T
DO 250 K = 14l frocm-msmm e cm == n o
L
N =0
T1 = (=1.)**K
N =N + 1 240
T2 = (-10)“N
|
245 F = F - T2*DF —

PE = DF/f2.

235

250 JFOR(K) =.F & 5 pacccsomcscmsac-
:
|
|

- A e W G W e e e e - - . e e e =
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Appendix II.
(1) Flow-chart n-tube program.

\WRITE INSTRUCTION (1)/

PAUSE

1
WRITE BRACKETS FOR [ 145
SPECIFICATION OF
MODE, NMB, KTOT, C

|

\READ MODE, NMB, KTOT, C/

1

1 MoDE .
155 7 170

\WRITE INSTRUCTION (3) \yRITE INSTRUCTION (75/

( il Y

| i

[ \WRITE: "IN )"/ 160 WRITE BRACKETS FOR

SPECIFICATION OF /g,
LENGTHS

AD LN _

L 1

\READ (LNGTH(I),I:1.NMB)/

]

WRITE BRACKETS FOR/190
SPECIFICATION OF
DIAMETERS
| .
\READ (5(1),1=1,NMB)/
- ]

SQUARE DIAMETERS (I=1,NMB)}| 205-210

|
1

CALCULATE | 315 ff.

—
—

T , ,
\WRITE (FOR(K),K=1,KTOT)/ 41541

PAUSE | 215
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off ’

230

\WRITE : "KT

"/

O

-

\EEAD_KTOT/

235 T
DATSbon_
240

\&'RITE:"Cz (

]

of

| A

250

\WRITE: "NMB (

)

: a65

\wmm " LN=(

7

READ LN

275
\WRITE:"I=(

g KREAD 17

LR
\WRITE: "LNGTH(I)=(

)/

]

\READ ILNGTH (n)f

300 _, =
@sw 8
(. 305
\WRITE:"I=( )
| E=

\WRITE:"S(1)=(

]

S(1)=5(I)ee2

. §

DATSW 9
off

310

&

285

WRITE BRACKETS FOR
SPECIFICATION OF
LENGTHS

\READ (LNGTH(I),I=1,NMB)]

A



(2) Flow-chart calculations

320

- 78 -~

n~-tube program.

DO 330 i=1,NMRB

LNG(I)=6.283825+LNGTE(I)/C

B ah SLCE e R PP

315
MODE
1 2
INN = 6.283825«1LN/C 325
o |
: !
585 JF 2 32.
|
M =0
—
DO 415 K=1,KTOT
—I—
N =20
I
DF = 64,
|
> 1N = N+1 | 345
|
T2 = =1e*xN
|
350 |M = M+l p— =

365

355

AMAT = T

o

MODE
B

EMATT =
BMATAL = BMATA
P = SIN(INN+F)

COS(LNN+F)

v

e b e e e e e o n e = ———_— - ——— - ——— =

(22
=)



() ()

----------- D0 390 I=1,NMB | 370

-~

L MoDE D= -

i

|

]

]

1

i

! 375 580
: EMAT2 = P/S(1) P = SIN(Fs+LNG(I))

]

' EMAT3 = P+S(1) BMAT1 = COS(F+LNG(I))
| EMATG - BMAT1

]

: EMATZ = F/S(I)

: BMAT3 = P+S(I)

|

| |

' | .

; CMAT = AMAT+=EMAT |385

; 1

——————————————— AMAT = CMAT

400

410 [T1 = TTx~i+«K|

-/\.
T1% T2+ AMATH

_____—\\\‘ﬂsﬂ\\’ﬂ,,f”"'

[}

1
B o o i o e e s e, G O S i e M S W W S o BN S A e e . e
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C PROGRAM TRNTT

C

< THIS BASIC FORTRAN v WRITTON DROGRAM COVOUTES ek
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wn

FARVAT('ax | TUTSIDE RANGE 10425,

FORMAT (1 %% BETA NUTSINDE XANCE =]

s+1lyet)

EASvAT( x#s X OUITSINE RANCE (elel0')
FORVAT (tex Vv DUITSIDE RAMNGE 1000J0+10CC3C,1Y)

FORMAT('NFESTT DATE FNTRY Ll
FORMAT('END OF TWNTE'//)
F??'"”(3(CQ.39?:7.C))

TCH

14 AND PRESS

FORNAT (/4 'F Vg TYg b=t yFT7 .04 0/S5"y2X)/)

FORVAT(FU,CoFY¢0sT0.0)
MY = 0

& = SH0ACHE

C =2YELNCITY NF SOUND
;;QITF'(I.S)
WRITE(141C

I EAIG) B

e RRNTIES(RNeP2 (C)
ARITECYLy?25)

WRITE 114301
~-DI7F(]92‘:)
ARITE(1420)
WRITE(1,158)
WRITE(1s10)
ARITE{(1429)
WRITE1Y1,40)
CRITE(1945)
wRITI(145C)

DAUSFE

CALL DATSW(15¢88T0OR}
GNTOL26D9 1301 NETAD
CALL DATSHI1GNY)
COTO{1254165) 8NV

WRITELY1465)

g =y

R = QD

READ{(6912CIBW(4ER

] = o 4+ 88

1F (2) 1642914654140
WRITE(Y1,4,72D)

WRITE(Y1,75)

Lot 115

IF (C « 10C0Ce) 155418042582

PAGE 02

TanT04l0
Tf.:\TC‘Q1C
TatnT3420
TanTC63C

"RCGRAY START KEY.'/)TARTE4L4D

TanNT0450
TeNTO&ES
TANTC4TC
TvwiNT348C
WNTO49C
TaKkTC50C
TeiNTCH51C
Tv‘.:\‘TD—DZC
TWNTC530
TANTC54C
TeNTCS550
THNTOS60
TWNTZS7C
Tan705eC
TwNTC5450
TANTC6GO
TaNTC61C
Twih7362C
THNTZ 622
Tati 73640
TWNTCO5C
TANTICBEDT
TANTQECYC
Talh 705689
TeNTO6GD
TANTOT7GO
TaNTOTY1O
TanT072C
T4NTJ730
TWNTOT74C
TwNTCT750
TaNT0760
TWNT1077C
TWNTCT78O
TainT0790
TWNTC8GO
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WRITF(1,1C2)

P AUSE
WRITE (]
2128 W7
AR,
RN (
A

QLE v,

o

(RO ) 16'\9‘6{.‘!1:}5’

wn
RS
PR
o N

‘e 0

>

DN

n -
-

-
YY) -

400

i I

4 e O Y

s

"
(n >0 D

(S T B a4 i F
G0 )

) ~—
1) .

0]

4+ -

T e

%) f-:‘.
l" )

Y > e (YO
n

ZEWN
+ 4«0 >

L":(:T”'

C Aty

—
AATA
-~ .

™A
-’ ¥

o~

=
4
O Qe i n X
3
3%,

-~ ~
-

-
(nin

<O
—~ -

b v (VAN

At
e

+

—~ o b
0 ==

wn

-

[

0 >

'. —
"
ra
oM
N =
b2 e—
0 -
o

dd=— D0 e N 217

DO = NNy e

-

) 2 b~
-

Nl
<4 4 -
e
Q)
®

.

N

O O

o
T
H
N e
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235

240
245

25C

1 (DF =~ ,25}) 250+250,4,24C

STCO IT7ERATION !F STED SMALLER THAN
No= N o+ ]

~'.2 ='( =) 1.) * * N

F = F -T2 » DF

16 (T * T2 » (CNG(P x F) = R # CCS(T

EOR(K) = F + 45
WRITELYNI1E LIS FRR( T )sI=104)
INT = INT 4+ 1

IF CINT = 1) 25542555125

WRITEL1,60)

GOTC 125
WRITE(1s105)
TALL FEXIT

I

+5 C/SEC,

* F))

23592501245

PACE Q4

TuNT1220
TWNT1230
TWNT1240
TANT12EC
TWNT1260
TaANT1270
TWNT128C
TwNT1290
TWNT13CO
TWNT1310
TANT1320
TWNT1320
TaNT1340
TaANT1350
TwNT1360
TwWNT1370
TANT138&0
TANT139C
TwikT71400
TaNT1l41C
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/7 I8

// FOR

*IST ALL

®ONE 403D IKTIGERS

#CXTENDED DRECISICN

*IOCS{CARD,TYPEWRITER yKEYBNARDY1132PRIMTERWPADERTAPEJDISKWPLOTTER)

ANNNNANNN

NTUB0010
PROCRAM NTUBE NTUBCO20
NTUBOO3C

TUIS FORTRAN IV WRITTEN DPRNGRAM COMPUTES F14F24F3 AND Fa4 NTUBO04G
OF AN N=TURE ¥NDFL NF THE ynCAL TRACT, NTUBE 1S PRIMARILY NTUBJ05C
WRITTEN FOR 4n 18V 11230 SYSTEY, BUT CAN EASILY BE MODIFIED NTUBOC60
FOR EVERY COVPUTER #1TH TYOELRITER IN AND OUTPUT, NTUB0270

. NTUBCGEC
REALLN JLNNGLNGTHI2D) 4L 0 (20) NTUBCCSO
CIMENSIANS(20) 4EIR(4) 5 IHAAK(E) NTUEO10C

S FORMAT(/,/C'F 131100z FELCo'™2¢)//) NTUB0110
12 FARMAT (1DRAGRAN MTURE Y/ /INTURE COYPUTES F14F2,F3,F4 OF AN N=-TUBE MANTUBZ12C
10DEL 0F Tut yOCAL TRACT (' //'USE INPUT MODF 1 JF ALL TUBES HAVE THENTUBO1730

1 SAVE LEMGTH,'/'1F THIG I8 \uAT TRE CASE USE TAPUT MOODE 2, '/ *NMB=NUNTUBD140
1MBER OF TIMRES ! /INAMD SYOULS BF SVALLER TRAN 0OR EQUAL TO 20.'/'XTCTINTUBCL5D
1=NUVBI® OF FARMANTS YNOU WAMT 70 RAVE COMPUTED. ' /'XTOT SHOULD BE SYNTUBT1S6Q
IALLER THAN 02 EQUAL T2 44,'/71C=veLnllITY OF SOUNDG' /) NTUB2170
15 FARNMAT (1(JSFE KIVYEDARD T9 TNTER THE DARAMETFRS,'/'USE CECIMAL PCINTSATUBOL18C
1 AMD PRESS END OF FIFLD XEYL'/'1F YOU STRIKE A WRCNG KEY PRESS ERANTUBO130
1ST FICLD KTY AND QECSNTER PARAVETERS,V// 17D CHANGT MODE»WMBWKTOT NRNTUBC20D

1 € &7 THE FOLLOWING DATA SWITCHES AND ORFSS PRNGRIAM START KEY!'/3XNTUSC210
1o "M SE 96X a1V /23Xy "NMB ! 7N G120 /3Y JIKTOT I 46X 931 /73X CyOX,'4/VIF NTUEC220
1YQU CHANGE VARE (M8 KTAT AMD € YUST BE REENTERED. ) NTUBGC23Y
20 FORMAT('SCT NATA SwITCH 25 AND DRESS PRAOCRAM STARY KEY TO SYOP.'//NTUB0240
1'FIRST ORLSS PRNGRAM START KEY.'/) NTUBC25C
25 FORVAT(2X 4 IVO0T 1 g 10Xy INMB Y 10X 9 PKETOT G 10N, PCH/V 136Xy 30 95Xt y6XNTLBI26C
LIS R N DY .S SRR IS SR NI Rob SN R NTUES2TD
30 FORMAT(FB,092F13,0,F15,7)

NTUBO028C

35 FORMAT(//LM=LENGCTH OF ZACH TUBI') NTUBO29D
43 FORMAT ('S (1)1 =DIAMETES OF RO T T TUBEY /' (I=l,..8MB)1 /1 1=VOTAL CORNTUES033D
1DS SIDE 7 INMB=MGUTH OPENINGIY/) NTUBJ31C

4% FORMAT (VTR CHAMCE L% SET DATA SWITIH 5,.1') NTUe3320
5O FORMAT (T CHANGE OMNE SINGLE S(]) SEY DATA SwITCH Be'/'TO CHANGE AMNTUBCT330
ILL THE £(1) SET DATA SWITCH 9,17/)

ANTUB2340
55 FORMAT(VLN=(14RXs'})'/) NTUB0350
69 FNRVAT(F12.3) NTUB3S362

€5 FORVMAT (/7SI KTUB2376

cuwexbpoxd aqny-u HUTISTI
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70
I4E
)
85

90

99
100
1C5
110
15
120
129
13D
135

1aC

145

150

155

160

FORVMAT(80A))
FORMAT (10F8,0)

FORMAT { "UAMGTHII)=LENGTH NOF THE | TH TUBE')
FORNMAT (' T CHANGE NNF SINGLE LNCGTHEI) SET DATA

1GE ALL THE LNGTHU1) SEY DATA SwITCH 7.1')
FORMAT(TLNGTH() )
FORMAT('NMB ('96Xe') /)
FORMAT('KTOT ('e&Xs')' /5
FORMAT (*C= ('91CXst) /)
FORIMAT(F15,0)

FORMAT ()= (14510X,')17)
FORMAT (PLNGTHRIT)I=("9RX ) /)
FORMAT(€20,0)
FORMAT(*S{l)i=('sBXy"' )/}
FORMAT (14,918)

I HAAK (1) 197R9

DD 140 122,47

IHAAK () least

IHABX (8) 23901

WRITE(1910)

WRITEL11415)

WRITE(]1+20)

P AUSF
MDD = 0
NODR = 0O

NRITE(1925)
READ(6930)AMODE ¢ ARMB 4AXTOT L C
MOART = AMODC
NMB = ANVB
KTOT = AXTNT
NN = AMB - 10
COTN11509165) 9 MDDE
ND = ND 4+ 1
IF (NP = 1) 155+155,16C
WRITE(1435)

WRITE(1460)

WRITE(1445)

WRITE(14+50)

WARITE(1455)

REAND(E£460)LN
GNTN 2190

N

PAGE G2

ATUBO28C
NTUBO292
NTUBJ4OD

SeITCH 64'/'70 CHANNTUBOSGIC

NTUBO420
NTue0&430
NTUBOG44D
NTUBO45D
NTUBOA4ST
NTUBC4TC
NTUBD4BD
NTUBC49D
NTUBQSCO
NTUBOS510
NTUBOS2C
NTUBO533
NTUBCSAC
NTUBOS50
NTUBOS556C
NTUBI579
NELYSsaC
NTUBD590
NTUBO6CO
NTUBD6ID
NTUBO0620
NTUBDO630
NTUBJ540
NTUBQESD
NTUBCS6C
NTUBC67C
NTUBD68O
NTUBC690D
NTUBDTO0O
NTUBO71C
NTUBD720
NTUECT3C
NTUBJ740
NTUBOT7SC
NTUBO768C
NTUBO77C
NTUBCT780
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165

179

175

1an

185

190

196

209

20%
21D

215

229

225

ADD =2 NOD 4 1

1F (ND90 « 1) 17Cs17045175
WRITE(1,80)

WRITF(1440)

WRITE(1,85)

ARITE(14+50)

WRITE(14+90)

I1F (NN 1R8D,1RD1RS

WRITE(Y 1135111 41=14NMB)
ARITE(1s70)(LIRAAK (T ) 91=198)9u=1sNMBY
READ{(6¢75) (INGTH(I)s1=1 oN“B)

6210 1990
WRITE(14135)1(141=1,41C)
WRITE (Y270 UIRAAC (T )0 l=108Y4J=1,4100)
REAC {675 (INGTH(TI)s1=141C)
ARITE(Y14135)11,1=11sNVB)

WRITF (Y70 C{IHAAK (! oIzl e8) =100
READ (6975 )Y LINGTH{T ) I=x114RNVE)
WRITELY1965)

I1F (AMA) 195,195,200
WRITE(19135)1(1e1=14hANMB)

WRITE(Ys 7O (THAAK (T )9 1=)9B)yuz=]sN"B)
READ(S375)(S(1)el=]NVB)

NI 205

WRITE(14+135)1(1,1=)410)
WRITE(127CYILTHAAK (T 1 sl=14B)y.)=1,4,20)
READ{6+s75)1(S(I1)s1=1,410C)
WRITE{(14125)(1,51=11sNMB)
WRITEF(197C)H{{IHAAKII )l =21y8)sld=1 KN
READ(S597511S5(1)1 41211, NMB)

DN 210 1=1,N"B

Sty = S(1) #» »

G 2R5

P AUSE

Catl DATSWI(15sNSTOP)
GDTN{42C922C ) s NSTCP

CALL DATSW (] ,NMODE)

GOTN(1459225) sAMDDE

CALL DATSW{3NKTOT)

CNTO(2306225) ¢NKTOT

TAGE 03

NTeEdT90
NTUBOBCC
NTUBORBLC
NTUBOB2C
NTUuBO830
NTUBOB840
NTUBOBSO
NTUBOB6C
NTUBC8T7C
NTUBCEBO
ATUBDJ89C
NTUBCG9DD
NTUBO91C
NTU309¢20
NTUBOO93C
NTUS(0940
NTUBD9S5C
NTUBJ969D
NTUBOO9?C
NTUBC98C
NTUBD99C
NTUB10OCC
NTUB1O10O
NTUB1022
MTUB1C20
NTUB1O4O
NTUB1GSQ
NTUB1OSO
NTuBl1070
NTUB108T
NTUB1050
NTUB1100
NTUBL111D
NTUB1120
NTUB1130
NTUB1140
NTUB1150
NTUB1169
NTUB1170
NTUB1180

98



208

240

2¢5

250

255
260

265

ARITE(19100)
REAG(6460)AKTQOT

CTOT = AKX TOY

CALL DATSWI{44NC)
GNTN(240+245 ) 9y NC
wWRITE(14205)

READ(6s11C)IC

CALL DATSW(2s4MMA)
GATDI1L500255 ) 9MMVB
HRITEL(1499%)

READ(E,60)ANNME

NvB = ANMB

NN = NMB - 10
GRTIN(I160+s175) s MODE
GDTIN(260+272) s v0ODE

CAlL DATSWIS5sNLNY
GRTN1265+30C) 9MLN
WRITE(1455)

READ(EWS5DILN

GOTQ 300

CatL DATSwW(6NL)
GOTC(2750280) 9NL
WRITE(1,115)

READ(6960)A]

I = A3

WRITE(1,12C)
READI691251ILNGTHI T

CALL DATSN (I ToML)
GNOTN(285492CC) o NL

WRITE(14,9C)

1F (NMN) 29504290 ,295
NRITE(19135)1(141=1,ANB)
WRITE(Y9TC)ICITHAAK (I 9l=2198YsJd=] s NNMB)
READ (S s TSI HILNCTH( T ) 9121 eNNME)
(Sraijolmickole
WRITE(14+135){1s1=151C)
WNRITE(1 970V ({INAAKIT ) 912208 )50=1910)
READIES TSI (LNGTH(TI 1 s1=1410)
WRITEF(19135)1(191=114sNMB)
WRITO (Yo 7OV LU THAACI T )9l=198)9U=19\N)

PAGE Q4

NTUB1190
NTUB120C
NTUBL1219O
NTUBl1220
NTUB12390
NTUB1240
NTUBLl250
NMTUB1269
NTuBl27C
NTUB128C
NTUB1290
NTUB130C
NTUB1310
NTUB132C
NTUB133¢C
NTUB1340
MTUBL35C
NTUB13&C
NTUBL13T7C
NTUus138C
NTUB139C
NTUB14GC
NTUB1410
NTUBl42C
NTUBl430
NTUB1440
NTUB1450
NTUB1460
NTUB1470
NTUB1480
NTUBl490
NTUB1500
MTUBLSIC
NTUBl1S2C
NTUBLS530
NTJUB1540C
NTUS1EEC
NTUBL1560
NTUBL157C
NTUB1589D
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330

w
©
w

READ (G 9 75) (LNCTH{T)el=119NVMHE)
JALL DATSW I8 4NS)
GATP(305931C ) eNS
WRITE(1,5115)
READ(64560)A]

I = A]

ARITE(1,130)
READ(691101S(T)

StIYy = S(l) # & 2

CALL DATSWI{9sNS)
CNTO(190+421%)4NS
GDTO0{32C+225) 9ONDE

LNN = 6,28382%5 * LN / C
COTD 335

DD 3320 l=1,yN¥8

LNG(I) = 5,282825 % LNCTH(T)
F = 320

M = G

DD 415 K=19xTQT

N = C

CF = 64,

GOTQO 345

D w=l IDE o s

IF {DF = 42%) 41544154345
N = N+ 1

T2 ( = 1.) % ¥ N

v o= M 4]

IF (M = 1) 260,3&0s355

F = F -T2 *» OF

AMA?I = 1l

AMAT2 = O,

AVATI = 0,

AMATG = 1,
GOTN(3659370)9MDDE
8MAT]Y = COSILRIN * F)
BvAT4 = 8vAT)

O = SIN(LMN # F)

IN 390 I=1\VB
GOTO(3759380)9»MONE
BMAT2 = P 7 S(1)
8YAT3 = P # S(1)

/" &

FAGE 0%

NTUB1590
ATUB1600
NTUB1610
NTuB1620

NTUB1630
NTUB1640.

NTUB1650
NTUB1660
NTUB1670
NTUB1680
NTUB1690
NTUB1700C
NTUBLT7L10
NTUBL1720
NTUB1730
ATUB1740
NTUB1750
NTUBL1760
NTUB177C
NTUB1I780
NTUB17S0
ANTUB18GO
ANTUBlBLlC
ANTUB182O
NTUB: B30
ATUB18490
NTUB1850
NTUB186C
NTUB1BT7O
NTUB1880
NTUB189C
NTUB1900
NTUB191D
NTUB192D
NTUB1930
NTUS1949
NTUB1950
NTUBl96C
NTUB1970
NTUB1980
NTUB1990
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GNTN 38%

F = SIN(F ® LNMG(1))
BvATl = COS(F * LNG(IN
8MATSL = B%AT)

BMAT2 = p / SI{I)

SMAT2 - o » 5(1)

{MAT] = AMAT] *» BVAT] = AVAT2 %
CVAT2 = AMATY * BATD. 4+ ANMATD »
CMATZ = AVAT3 % BVAT1 + AMATG
CMATG = AMATL x BVATL = ANMATI #
AMAT) = C¥AT]

GMATZ = (™AT2

AMAT2 = CwaT3

AVATL = CVATY

I (v = 1) 395,395,410

15 (AMATSL ) 4uCDeb15440%

T ==y e

GOTD 410

TT 1

T TT # { = le) * # <

IF (7)Y # Tz x AVATL ) 240461549350
FORIK) = F + L%
WRITE(LsE I (K eFDR(K ) oK =] 4KTOT)

[

GNTH 216
CatL EXIY
ENG

BMAT3
evAaTG
BMAT?2
BMAT2

PaGt C6b

NTUB20C20
NTUB2C1D
NTUB202C
NTUB2C33
NTUB2T46D
NTU3205C
NTUB2063
NTUB2OT7C
NTUB2C8C
NTUB2CYC
NTUBR10C
NTUC21190
NTUBR1iZO
NTUs2130
NTU21aC
NTUB215C
NTVE216C
NTuBel7e
NTUz 2189
NTUBZ21G6C
MTUE22CT
ANTUB2210
“TueZ2220
NTUER223C
NTug2zad
NTUB225D
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PROGRAIL TLHTE,
TWHTE COGHPUTES F1,F2,F3,F4 UF THE TWIKNKTULE KMODEL OF TET VGCAL TRACT.
DEFINITION OF PARANETERS.,

01 . 02
XD K
X 0.5L X 0.5L X

K=02/G1 (RATIO GF CRUSSSECTIuUNS)
BETA=D/0.5L (RELATIVE ECCELTRICITY)
L=LENGTH I Ch

V=35000., CM/SEC (VELUCITY GF SUUND)

TG CLANGE V SET DATA ENTRY SLITCE 14,

JSE KEYROUARD TG ENTER PARAMICTER VALUES.

JSE A DECIHAL POINT AKD PRESS LHD GF FIELDL KEY,

It YOU STHIKE A WROHG KLY PRESS ERASE FIELD KEY AND REENTER PARAMETERS.
FIRST PrESS PHOGRAM START KEY,

N LETA L
( ) ( ) ( ) V= 35000.Ct/S

Fl= 5006.C/S F2= 1500.C/S F3= 2500.C/S f4= 3500.C/S

PRESS PROGRAM START KEY To ENTER HEL PARANETERS.
SET DATA EHTRY SWITCH 15 ARD PRESS PROARAIT START KEY TC STOP.

(1)

(2)

‘urexboxd sqni-utmi 3ndinQ

*A Xtpuaddy
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I BLTA L -
( ) ( ) ( ) V= 35000.0!'/S
8. 17.5 (3)
Fl=  784.C/S 2= 1217.¢/S F3= 2784.GC/5 Fa= 3217.C/S _
v —
( )
34000.
RESET DATA ENTRY SLITCH 14 AKD PRESS PROGRAIG START KEY,
b
K BLTA L (4
( ) ( ) ( ) V= 34000.CI/S
8. 17.5
F1=  70bL2.C/S%  ¥F2= 1182.G¢/5  ©3= 2704.C/S  Ft= 3125.C/S ]
K BF.T:‘\ L =
( . ) ( i ) ( 6 ) V= 34000.CM/S (53
. . J
** L GUTSIDE RANGE 10,25, ’ :
** ENTER PARANETERS AND PRESS FMD OF FIGLD KEY. ] >
K RETA L ) ;
( ) ( ) ( ) V= 34000.Ci1/S
12. 17.5 (6)
*x K QUTSIDE RANGE 0.1,106,
% ENTER PARAMETEZS AND PRIESS THD OF FICLD KFY. _
N BETA L
( ) ( ) ( ) V= 34000.CH/S
8. 2. 17.5 (?7)
+x BETA UUTSIDE RANGE -1, +1,
#x [HTER PARALETERS AND PRESS FED OF FIELD KEY. _
K PETA L - =7
( ) ( ) ( ) V= 34000.CM/S
.125 .25 15. (8)
Fl=  252.C/$ F2= 1732.¢/S f3=  296&8.C/S 4= 3709.€/S ]

END OF TWHTE
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PROGRAIY NTURC

WTUBE COMPUTES F1,F2,F3,F4 OF ANl N-TURE 1ODEL OF THE VOCAL TRACT,

USE INPUT HODE 1 IF ALL TULRES ©AVE THE SANE LENGTH.
IF THIS IS NOT THE CASE USE INPJUT HGLE 2.
HHMB=NUMBER GF TUBES.

NEB SHOULD BE SHALLER THAN GR TCUAL TCG 20.
KTOT=NUNBER GF FORMANTS YOU LANT TO PAVE COHPUTEN,
KTOT SHGULD BE SHALLER THAN O FOQUAL TO &4,
C=VELGCITY GF SOuUiib.

JSE KEYBOARD TO CHTER THE PARAHETERS,
JSE DECHIAL POINTS AKD PRESS LEHD OF FIELD KiY,
IF YOU STRIKE A LROHG KEY PRESS CRASE FIRLD KUY AND REENTER

TG CHANGE MUDE, 4B, KTOT uir € STT THE FULLGLENAG DATA SWITCEES
MNULDE 1

HHB 2
KTuT 3
C L

1F YOU CHANGE MODE,NIB KTOT AND C HUST bBC REENTLERED.
SET DATA SLITCH 15 AND PRESS PROCRAIY START KEY TO STOP.

FIRST PRESS PROGRAM START KEY,

FMONE NG KTGT (€
( ) ( ) ( ) ( )

1. 1. L. 35000.

PARAMILTERS.,

AbD PRESS PROCRAN START KEY

rurexboxd agqni-u 3ndingo

;IA xTpueddy
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=0 =

LENGTE OF EACH TULE _
)=DIAKETER GF TRE | [t TUBE

1...5808)

OCAL CORDS SIDE

=1OUTE OPEN TG

| - (3)

TU CHEANGE LH SET DATA SWITCI! 5.
TG CHANGE GWE SINGLE S(1) SET DATA SWITCH &,
TuU CHANGE ALL TIE S(1) SET DATA SLITCH 4,

17.5

500.42
1500.ti2
2500.HZ
3500.12

v
nn

-

el ( )

( ) ( )
1. 2.828u427

- (5)
Fl= 807.HZ

F2= 1252.12

F3= 2S865.1'2

Fu= 3311.42

C= ( )

34000,

784,112
1210.42
2785.14
321b.HL

mT
E LN -

nononn

i b




LN=( )
.75

Fl1= 761.1Z

F2= 1181.11Z

F35= 2704.1iL

Fu= 3124 .12

i1ONE Nith KTCT
( ) ( ) (
2. 18. 4.

LNGTRCON)=LENQTH OF THE } T TUBE

SCI)=DINSTTER OF THLD | T TULE
(1=1...08000)

1=VOCAL coRns SIDL

NHB=i10UTH OPEMIKG

TU CHANGE OHE SIHGLE LKGTHCI) SET ¢

55000,

SLIT ClE

TG CHANGE ALL TEE LRGTH(I) SET DATA SLiTCH 7.
Tu CHAWGE OWNE SINGLE S(1) SET PATA SWLITCH 8,

TU CHANGE ALL THE S{f) SET DATA SwITCH

LNGTH(L)

1 2 5 N
( )( VAN )
.0 .0 .0 .0
11 12 13 14
( )( )( )( )(

¢0 .G OG ‘6

9.

(6)
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sC1)
1 2 5 L ) b 7 8 9 10

( ) ( ) ( )( )( ) ( )( ) ( ) ( )( )
1 b, 22 1.4 1.6 1.8 2 2.2 2.4 2.3 2.1 (8)
11 12 15 14 15 106 17 18

( ) ( )( )( )( ) ( ) ( ‘ ) ( )
i, 6 1.7 1.6 1.5 1.4 1.5 1.2 1.3

Fl=  377.1¢

F2= 1677.1Z

F3= 2744 ,1L

tu= 3L482.14

|
(Vo)
= ( ) _ -
1
18
SC1)=( )
1.1
(9)
Fl= 357.12 |
F2= 1613.11Z
F3= 2735.1'Z
Fu= 3510.F<7 ]
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