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ABSTRACT

A program has been written for the IBM-704 digital
computer to synthesize speech. The input requires detailled
specification of the speech spectrum as e function of time.
The output is audible samples of 2.4 seconds duration with
a signal-to-noise ratio up tec 36 db and a freguency response
up to 7 ke. Included is a complete SAP listing and flow-
-charts of the program. The synthesis of each sample takes
from 6 to 10 seconds. The IBM-704 "Direct-Data" attachment

and a digital-to-analog converter is required.



TABLE O CUNTENTS

Introduction
Acoustics of the Voeal Tract
Electrical Analogy
Solution of the Circuit Equations
The Production of Vowels and Consonants
Previous Methods of Synthesis

DIGITAL COMPUTER METHODS
Introduction
Digital to Analog Conversion
The Instructions
Summation
Preparation of lnstructions
The Plece-Wise-Linear Program
Pre-emphasis
Program Speed, Testing, and Future Plans
Bibliography

APPENDICES

-- Sub-word Arithmetic
-- The 704 Program in Detaill
-~ Flow-Charts
-- SAP Program (listing)

-= The Format of the Instructions

e v R B > TR « ¢ B

-~ The Instructions Used for Testing

o o 3 N R

10
11
11
13
14
16

19
22
27
30
50
51



Introduction

The purpose of this work is the development of a
device to synthesize Speecﬁfggll be able to manipulate
the acoustic "building blocks" of speech in a very
flexible manner. Today a synthesizer is primarily
useful for studying speech by testing various hypotheses
about the interactions of various speech sounds and the
nature of our perception of speech. Eventually it is
hoped that speech may be added to our methods of communi-
cating with machines. Before this can be done we need

to have a fairly detalled knowledge of the acoustics of

speech.

Acoustics of‘the Vocal Tract

The vocal tract begins at the vocal cords in the
larynx and then divides, one section terminating at the
mouth approximately 1% cm. away and the other section

terminating at the nose a slightly grezter distance away

as shown in Fig. 1. Nasa\
For a large class of speech sounds Cavity
we need only consider the oral Oral

Cuvi'\-y
cavity, as the nasal cavity is
virtually isolated from the T}“Jug
system. Thus in essence the Vocal 2

Cords —

vocal tract can be considered to F‘31

be a tube of fixed length and varisble cross-sectional ares.

The ares varies from O to 15 cm.2.
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Electrical Anslogy

If we define an acoustical impedance as the ratio
of the applied pressure to the volume velocity (cm.?/sec.),
we find that the vocal tract is analogous to an electrical
transmission line with distributed inductance L=p/S and
capacitance C=8/c®p per unit length. Here p 1s the
density of air, ¢ 1s the velocity of sound and S 1s the
cross-sectional area of the tract at the corresponding
point.

A transmission line may be simulated by lumped
elements, inductors and capacitors, provided the wavelength
Ais long compared to the sectlion being represented.

For speech the highest frequency of normal interest is

of the order of 6 kc. with o corresponding wavelength of
A=c/f which is 3x10%/6x10%= 0,05 m. or 5 em. Thus the
vocal tract can be adequately represented by approximately
15 sections. In this analogue the pressure in the system
corresponds to the voltage and the current to the volume
velocity. The source (for vowels) is represented by a
high impedance (current) generator. The output is taken
as the pressure (voltage) at the lips which are loaded

by a dissipative impedance representing the loss of energy

to the surrounding air, See Fig. 2 below.




Solution of the Circult Equstions

The elements in the circuit obey the simple equations:
t= C %-: , &= L %’% . e=tR.
By ordinary circuilt analysis we obtain a differential
equation ofhtha form: -
ba 4%, + b b v+ boes
We are primarily interested in the homogeneous or
force-free (i*0) solution. The standard method for solving
the above linear, homogeneous, dlfferential equation with
constant coefficients is to meke the substitutioné-= G‘t.
Doing this we obtain the algebraic equation:
bys™ 4+ b, S 4+ ...tb, = 0
Denoting the roots of this equation by Sw we have the
homogeneous solution:
=B, €+ B, ™ 4+ ...+ B

where the values of the constants,su , are determined by

suat

‘the initial conditions.

The actual system has distributed losses due to
viscosity, cavity wall absorption and due to the fact that
the process is not adiabatic as the calculations suppose.
In the case of losses the roots are in general complex
numbers, S; =€ 1-"'0‘., and the solution for the force-free

condition can be written in the form:

| N
- B, €% sin(wit+ny) + By, € sin (ot +ha) ben



The Production of Vowels and Consonants

Vowels: The current source can be thought of as
delivering impulses spaced at intervals of 1/f, where £,
is the fundamental pitch or voicing frequency. The
impulse determines the initial conditions and for the
remainder of the interval the circuit decays by the

force-free solution asbove. See Fig. 3 below.
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In general the acoustic network acts as a filter on whatever

source spectrum is present, as shown in Fig. 4 below.
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Consonants: The production of a fricative consonant
such as (s) proceeds in this menner: A constriction, in
this case caused by the tongue pressing against the front
of the roof of the mouth, causes a high velocity, turbulent
flow of air. This is a source of noise which is filtered
by the cavities ashead of it. around the teeth and to same
extent by those back of it, giving a spectrum of the type

shown in Fig. 5 on the next page.
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The eguivalent circuit for the production of
fricative consonants seems to involve a noise voltage
source at the place of the constriction as shown in

Fig., 6 below.
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Previous Methods of Synthesis

For the synthesis of speech a number of methods
have been used. Probably the two most flexible ones are
those at MIT6* gnd the Haskins Laboratory.4 The first
uses a dynamic analog vocal tract. It is an electrical
analogy in which the "cross-section" of the tract is
continuously adjustable by purely electrical means
(satureble reactors and reactance tube circuits.) The
other at the Haskins Laboratory in New York is a device
allowing playback of hand drawn speech patterns. The
patterns are drawn to any desired complexity and the
sound is reproduced by the playback device.

A number of other devices have been built 9,10,11,15,14,15’
but they all suffer in being difficult to "program" for
complex or rapidly changlng speech sounds.

%Superscripts refer to the bibliography on pgs. [6 - |8 .
. -



DIGITAL COMPUTER METHODS

Introduction

It 1s possible with certailn high speed digital
computers both to compute the waveforms and to have
the waveforms presented at a loudspeaker in their
normal audible form, l.e,, as speech sounds. The
computer can also manipulate at high speed the instructions
séecifying‘the nature of the waveforms.

The differential equation describing the vocal tract
could be converted to difference form and solved contin-
uously to yield the desired output. However, this involves
rather high order differences and 1s thus time-consuming.
It is intrigulng because it can be made quite exact and
still retains the analogue form fairly well. A faster
approach, and the one utilized, is to compute a number
of samples of solutions and have the program simply
extract the desired sections of the solutions from its
table and present them at the output. The stored
solutions would contain demped sine waves of many different
frequencies and filtered noise of various bandwidths and
frequencies. This produces a quazi-statlic solution quite
similar to the WKB solution of a wave egquation. This
approach is justified by the fact that the vocal tract
parameters change much more slowly than the characteristic

decay rates of the cavity responses.
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A program has been written by myself to perform

~these operations on the MIT-IBM 704 computer. The

program has been designed primarily for high speed and

flexible operation. An outline of the program is shown
in Fig. 7 below.

Interpret: Com -Td‘to\\ m‘ ttal o )
oo pretiv 4 . )
I ste h‘+"‘ Rnﬂl. | (Sontﬁn,‘ ] :.::\ﬂ?\'cr
T t+ ° I oo
he Synthesis R regtam Stered Aotf:-‘l'
Fiq.1 Samples

Digital to Analog Conversion

The conversion of the synthesized samples in their
digital form to an analog voltage which can be recorded
or reproduced in audible form 1s simply accomplished by
a converter such as the one shown in reference 26, pg. 530.
Within the machine samples are computed to six binary
places of accuracy. This gives a maximum of 36 db
signal-to-gquantization level ratio, a rough measure of
the maximum signal-to-noise ratio. Frequancy response
is limited by the maximum obtainsble read-out rate of
14,000 points per second. The highest component that
can be transmitted is 7,000 cps.; all higher are reflected

into the 0 to 7,000 cps. region and appear as noise.



The Instructions

When summing a number of sine and noise samples,

the instructions must specify the nature of the samples
(frequency, amplitude, phase, bandwidth, etc.), the point
at which the sampnle is to begin, and finally the duration
of the sample. The four instructions used to specify this
information are: "Time", "Duration," "Formant,” and "Noise."
Time A marker is kept within the méchine which denotes
the present point of time. This point is a certaln
location in the 704 magnetic core memory. When any sample
is specified it will becin at this point. When the Time
instruction is given (abbreviated by T) the marker is
moved ahead by the amount specified by the instruction.
Thus a series of T instructions interspersed with other
instructions might give the output shown in Fig. 8 below.

Ay §

4 # A
Tigiven Togiven T3 given Fig. a8
Duration It is sometimes desired to limit the dursastion

of a semple. Often a nolse burst is desired which is much
shorter than the particular ssmple in storage. By giving
a duration instruction (abbreviated by D) we can accomplish

this limiting. The amplitude of a noise sample is set and



cannot be changed while it is being summed. Therefore,
if & burst of increasing amplitude 1s desired, a series
of short bursts of length limited by D can be specified.
Each of these bursts would have a greater amplitude than
the preceding one. The value of the duration is always
that of the last given; 1t need not be stated frequently.

The effect of the D instruction 1s shown in Fig. © below.

bt N P, '-e—D‘—)I' ""Dz - < D‘_ —
Time
T T
D, given P, given Fi%' 1
Formant The Formant instruction specifies a single

damped sine wave. This instruction (abbreviated F)
specifies the phase(as plus or minus), the frequency,

and the smplitude. There are normally about 50 frequencies
avallegble between 100 and 5,000 cps. The amplitude is

ad justeble in 3 db steps over a range of 36 db.

Noise The Noise instruction (abbreviated N) specifies
the amplitude in 6 db steps and the frequency of the nolse.
The exact character of the noise samples 1s yet to be

decided.
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Summation

It 1s normally necessary to sum a number of different
damped sines or noise. This is done very simply by
letting them overlap or coincide in time, when specifying
them in the instructions. Thus, if & number of different
F instructions are given without an intervening T instruetion
the sum of the various F's will be formed, simllarly for
nolse. There are no restrictions on the ordering of the
instructions -- they are completely independent in that sense.
To produce a section of a vowel we might give a sequence
of the form FFFIFFFTFFF,,.,... which would produce a sum

as shown in Fig. 10 below.

Con p\ea‘ts
F‘

? { ) Fia. (0

FRET FRET EFF

-0 -



Preparation of Instructions

The instructions are ﬁunched on IBM cards to be
read into the machine. Once a large number of cards 1s
punched they need not be re-punched, they need only be
re-ordered to form new sounds. If a number of identical
cards are required they can simply be reproduced from
a "master" (cf. the last 15 instructions in Apvendixl .)

The program considers the instructions in order,
one-by-one. It is designed so that the parameters such
as the frequencies and the bandwidths of the samples can
easiiy be altered. The noise samples are actually
computed by the synthesis program itself using random
numbers, and the T, D, and F instructions. The nolse
can thus be made fo have almost any spectral characteristics
desired. The program is also designed to be readily
modified to receive new instructions that might be wanted
to store the samples on magnetic tape, display the
samples on an oscillograph screen or present them at the
audio output for recording.

The Piece-wise-linear Program

The primary disadventege of the program outlined
gbove 1s that we must write too many instructions for

each ssmple we wish synthesized. Often there 1s 2 great

deal of redundancy in these many detalled instructions

because the sounds are changing slowly or in some very

régular way, e.g., the fundsmental pitch or some of the

-‘\-



formants may be changing approximately linearally with

time during some interval. For cases such as these we
use a coding scheme to eliminate a great deal of this
redundancy. Even simple schemes can reduce the number
of instructions necessary for a 2 second sample from
many hundred to easily less than one hundred. The method
of doing this is to write a second program which accepts
the more concise instructions and translates them into

a series of many more of the T, D, F, and N instructions.

This operation is ocutlined in Fig. 11 below.

P-W-L —> iT\'hrr C T.0,Fand N
Instrections Koutine Instrections
| Rola "'0\' 7
Competing
Lnsteoetions , -P:,ece - wi se- L; near pvoaram

Fig. \

At this point it is useful to discuss a convenient
representation of the speech we want to synthesize.

A common way to represent the dynamic acoustical
properties or speech is by "visible speech" patternsgl.
These are produced by certain devices used for the ansalysis
of speech. The patterns are constructed so that the
vertical axis represents fregquency, the horizontal time,
and the density of the shading represents intensity.
Vowels then appear as horizontal bars called formants
and fricatives sppear as grey regions of no very definite

structure in the high frequency region. This 1s shown

in Fig. 12 at the top of the next page.

-li-
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To code for the piece-wise-linear program we first spproximate
the movements of the formants by straight-line segments.
At each break-point we state the properties of the formant
somewhat 28 an F instruction does. We do the same for the
noise and for the furdamental frequency. This is shown
in Fig. 13 below.

ceey f o—o\"*‘:f Piece. Wise. Lineqr

Coc!hlg of the
O—o0—° % Adeve Scup\c
Q-"O'/o F
MF‘ > F;%- ‘3

Tine
These patterns are then coded end presented to the

piece-wise-linesr program which interprets them and
composes the proper detailed instructions.

The present writer has not worked on the sbove program
in detail but another student is studying the problem.

Pre-emnhasis

By programming unnaturally large emplitudes for the
higher frequencies we can, in an approximate way,

pre-emphasize them. Filtering the output will bring

-l3~



them back to their'natural' level but now with less noise

in the higher frequencies. This is done, of course, at

the expense of adding nolse and reducing the dynamic range

in the lower freguency region. It has been found that the
higher frequencies are guite important in the production

and recognition of speech even though their normal emplitudes
are lower :than the low frequency region. The action

of the noise and filtering is shown in Fig. 14 below.
vt
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Frc‘u\\cy oo Neise

As Sythesined After Filtering kevel
to "Natvral Level”

Program Speed, Testing, and Future Plans

The maximum length for s single continuous semple
that can be read out of the machine is 2.4 seconds at 14 kec.
In synthesizing & sample involving the first three
formants the program can run as fast as twice reazl time,
i.e., it would take the machine 1.2 seconds to synthesize
a sample which would last 2.4 seconds. The slowest rate
a which synthesis proceeds is half of reasl time. The
me jor delay in time is preparing the sample for the output
device which takes half of real time. Thus it would
normally take between 6 and 10 seconds to compute the

semple and ready it for read-ocut.

~ |4 -



The program has been tested and debugged to a large
extent. A cursory examination of the scope display of the
synthesis using the instructions in Appendix F indicated
that the program was functioning properly though no films
have been received as yet. Further testing using scope
displaey 1s in order.

The next steps in the development of this program
might be the inclusion of tape routines for storing the
bank semples, the plece-wise-~linear program, and finally
the setting up and use of the digital-to-analog equipment.
One of the runs of the program should be devoted to
computing the noise samples.

A regsonable arrangement for the actual operation of
the program would be to have all of the programs end bank
samples on tape. Then the plece-wise-linear instructions
would be reasd in from the on-line card reader. Synthesis
would then proceed, the saﬁples finally being recorded on

an sudio tape recorder for listening tests.
£ 4 % *
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Appendix A

Sub-word Arithmetic

When little accuracy is desired it is useful to divide

a 36 binary digit 704 wofd into & number of smaller words
called sub-words. Each sub-word carries a sign with it
and one posltion must be left open for a carry so that one
sub-word will not interfere with another. The sign and
carry bit are indicated by S and C respectively. The
negative is handled by using the two's complement. These
numbers are convenient because additlon, subtraction and
multiplication can be performed on all of the subwords in
a 704 word without ever "unpacking" them. In this program

five sub-words are stored in a 704 word as follows:

12 3 4-89 10 11-15 16 17 18-22 23 24 25-29 30 31 32-36

XGS ...CS * 8 0 00 G S .....C S ® & 0 00 C S LK R BN BN )
S 4 3 2 |

A single n-place signed sub-word is of the following

\ « o\
form: qf’ r 2 2
C S X X.X..X...X
'L ECC AN NI SRS |

We have assumed the binary point to be to the right of the

first place but the argument below can simply be generalized

to this case (normally the sub-word is surrounded by others.)
The n* 1st place designate the sign, S. A zero in S

indicates a positive number, a one indicates a negative number.

- lq -



The nt+2nd nlace is a carry bit for absorbing any chariges of
sign -- it is erased after each computation. If a number
of these sub-words in a 704 word are added to another similar
/704 word, each of the n-place numbers will be added algebraically
to the corresponding number (sub-word) in the other 704 word.
The negative of a number is obtained by subtracting
it from 7-“\(complement1ng it.) (and then adding 1)
First we restrict all numbers of iInterest so that
0< ab<2™ and Jal+bl<2"
"~ We will show that the negative of a number always
has a one in S. Trivially a number< 1“ has a zero in S
so that complementing it always produces a one in S.
It is interesting to note that the number Z“has the
properties (- 1‘) = 2" and 1“-\' 2™ 0.

Laws of Addition

Ga)elrh)= (a+h) by the normal addition process.
For (*a)4 G\)Hl—\ ﬂ'\:v‘e‘ have a>bor 2“’&-5 >0
so that 1“’!"2“>(f&)+('n>2‘;;ving a zero in S, a positive
number as we had assumed.
If ask’g-l)-e(-” ,21;:\& roro.
Irasl then 05a-3>-2" or 2“‘; tra)s ("\)>2‘:\1,“'2‘:

giving a one in S.
n+*s

For (r-d)*‘(- b) we have 2 >(“)+(’¥)>z‘:2‘ ’

giving a minus sign in S.
ne
All of the sums considered here are €2 meaning
that no C ever overflows into and interferes with the

sub-word on the left.

~-20-



Subtraction of the sub-words "in bulk" is similar to
addition but the C bits of the minuend must be loaded with
1's to prevent borrowing from the sub-word on the left.

Multiplication

- N

We can multiply a number by a factor of 24 , if it is
positive, by shifting it m places to the right and inserting
zeros on the left. If we consider the digits shifted past

position 1 to be lost we have, originally,

-

c= kn-\zv‘* Kna 2% T+ x ka2t
After shifting m places we have decressed each exponent
by m, giving,

= 27 "e ~ to within 2%,

st
If ¢ 1s the negative of a mumber c=l =@, we insert

1's on the left after shifting.
Originally 0 1¥...X is shifted to 00...6%.x |

C S
and we add to this © V...l 6...0 . ™

c 3 “.m‘| “*l A=W “\
The number added is - ()."f-l)-( 2 -\) =2 -2
.‘.‘ £ 1) - A
so thet ¢' & 2°™ (2% a) #2277 x 2™ o277

which is the negative of the number 27" os desired.

If a digital-to-analog converter is used which only
handles sbsolute values we add Z“to each of the sub-words.
This 1s o 704 word with 1's in the S bits and O's elsewhere.

We can also accomplish the same operation by simply changing

the sign which can be seen to be eguivselent.

-1‘—



Appendix B The 704 Progrem in Detail

The 704 program ss tested in May 1959 is made of
two baslc sections. First is the synthesis program itself,
and second the suxiliary routines -- one to initially
compute the damped sines and another to display synthesized
waveforms on the cathode ray tube unlt attached to the
computer.

Synthesis Progrsm

The present point of time may occur at a sub-word
within a 704 word so that addition, when it occurs, will
involve shifting the storec samples to the right or left
so that thelr beginning will correspond with the present
point of time. On the other hand the present point of
time may be at the beginning of a 704 word which means no
shifting is required. Since the second operation is much
gimpler than the first, an optimum program could be written
that would make the simple routine run much faster. Also,
multiplication may or may not be required =2nd there is
quite a difference of sneed when multiplication is omitted..
To take advantage of these possibilities to gain speed,
routines have been designed to handle each case separately.
The phase (plus or minus) is also handled separately at times.
There are three working areas in the machine: the bank or
sample block containing the damped sines and noise, a short
work space called the multiply block, and finally the assembly

block in which the entire synthesized sample is formed.

—22 -



The various possible sequences of operations are

shown in Fig. 15 below.

Sk‘.#‘\'mg
Regqolred

1
| le'\'?y‘imhu Assem\ly
Resline Block

T

No
Shif +; LX)

Stored
Sanrlcg

The instructions are tested by the program one at
a time and completely executed before the next instruction
is studied. Whenever the synthesis (sometimes called
"aggsembly") program is entered all of the markers are
initialized so that it begins at the origin of the assembly
block. After an instruction has been executed a return
is made to obtain the next instruction, or an error count
1s stepped by one if an illegal instructlon was given
(amplitude or frequency out of range), or the assembly may
terminate. Termination occurs if an all zero instruction
1s found (this is a T zero instruction,) or if the present
"point of time becomes located near the end of the assembly

block,

-23-



The T instruction causes the setting of three markers:
the present point of time measured in sub-words from the
beginning of the assembly block, the number of 704 registers
from the beginning of the assembly block, and the position
- of the present point of time in sub-words as measured from
the beginning of the 704 word which contains it.

The D instruction sets the duration as measured in
sub-words. If the duration i1s found to be greater than the
length of the longest sample (a noise sample), then it is
reduced to this wvalue.

The F instruction fifst computes the phase of the
sample as plus or minus and sets a marker denoting this.
Since the mmultiplication routine can only handle shifts
of multiples of 6 db in amplitude (powers of 2), and 3 db
steps are desired, each sine is stored at two amplitudes
separated by three db. Thus both the amnlitude and the
frequency enter into the calculation of the location in
storage. Both the number of places to shift, for
multiplication, and the sample location are then computed.
Finally, advantage is taken of the fact that the sine waves
damp out in shorter times for lower amplitudes. If this
damping time 1s shorter than the duration time already
specified, the routines handle the sample for the minimum
time necessary and do not compute useless strings of zero's.

The F routine then transfers control to the proper assembly

routine for the actual synthesis.
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The N‘instruction 1s quite similar to the F except
that the phase 1s slways plus and because of storage
requirements the amplitude is in 6 db steps.
In this program the end of assembiy is followed by
. the (TV) routine for scope display. In a production
version the end of the assembly would cause the sample
to be stored or to be read out. Then a new set of
instructions would be obtained and the next sample synthesized.

Auxiliary Routines

To compute the demped sine waves, one eycle of a
55 cps. tone and one exponential of somewhat longer duration
are computed. The nth harmoniec ié then formed by indexing
through the block of the sine wave, picking every nth point.
The computations for the indexing are done modulo the
block length (which is conveniently 256=28), so that the
~point picked 1s always constrained to lie within the one
cycle block. This is a very fast way to produce multiples
of a waveform in time. These harmonics are multiplied
by the decaying exponential, scaled to two different values
and the resulting samples stored. All harmonics of 55 cps.
up to a pre-set limit are computed and then every even
harmonic up to a second limit. The limits in the present
version of the program ére 550 and 5500 cps, respectively.
This routine is finished at a point called "End Computation.
At this point a routine can be insevrted to store the samples

on tape so that they need not be computed for each run.
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The scope routine first titles the run and then
takes blocks of 100 words (500 sample points) and displays
them a number of times, numbering each block sequentially
from 1. The right edge, left edge and the x-axis are also
displayed. The role of this routine is gquite flexible, as
1t 1s only needed when there is some question of whether
or not synthesls is proceeding correctly -~ it 1s quite

useful in debugging.
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Appendix C

FLOW - CHARTS

General Synthesis Program . « « « « « « « page 28

Auiliar'y RoutinesSe ¢ o o ¢ ¢ ¢ o o o o o _page 29
-On the flow-charts the symbols in parentheses refer
to points of entry and data words in the SAP program.

The actual locations of the most important of these in

the SAP program are indexed on page 30.
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Appendix D

SAP - PROGRAM

Index of the more important entry points.

!,
L4

General Synthesis Program

Symbol Instruction Number
A | 80

D 148
E 103
EA 106+1
F 155
FMUL | 210

N | 385
NFMUL 202
MA 297
MAL 324
MDA 244
MDAL 263
MMA 279
MMAL 289
MMP 346
MP 352
MPL 368
PDA 213
PDAL 232

30



Program Index (continued)

S ol Instruction Number
PMP 349
PSKO 207
S 107
SNMPY 381
T 153
TD . 193

Auxlliary Routines

A 80
DSpPIC 42%7
EC 79
HARML 27
HOUT1 “54
NEXTT 458
SETV 413
SMWL 454
SMWLR 4350A
START 1
THNH 75
TV 405
TVE 468
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Appendix E

The Format of the Instructions

Octal numbers are based on the numbers O through ¥

as our decimal system is based on O through 9. Octal

numbers are especially useful in computer work as there

is a one-to-one correspondence between an octal digit

and a group of three binary digits. The instructions

will be composed of six octal digits so that two will

occupy each 704 word. The positions are numbered from

the left.

T

e}

I

=

will have a O in position 1. Positions 2-6 contain

the value of the shift in units of one sub-word,

from O to 77,777g (0 to 32,76715.) A O will terminate
assembly.

will have a 1 in position 1. Positions 2-6 contain

the duration in units of one sub-word.

will have a 2 in position 1. Position 2 is even for

a starting phase of 0° (plus) and odd for a starting
phase of 180° (minus.) Positions 3 and 4 contain

the number of the sample and thus determines the frequency.
Positions 5 and 6 contain the emplitude.

will have a 3 in position 1. Positions 2 and '3

specify the nature of the noise desired. The samples
would be numbered and their characteristics listed

for the programmer's convenlence. Position 4 specifies

the amplitude. Positions 5 and 6 are disregarded.

-3 - 50 -
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