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ABSTRACT

Computer based signal processing techniques provide imposuant
for the research of »aturally occurring timbres. A sy
digitally record and analyse natural sounds is dascribed. The
system interfaces to a large computing resource which supports
spectral analysis software - allowing evaluation, and continual
upgrading of the analysis techniques. Fourier transform methods are
apptied to pitch determination and spectral analysis of selected
musical finstruments. The final output of the analysis is a
graphical representation of the harmonic and spectral landscapes of
the various instruments.
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Preface

uusic is undoubtedly one of ran's oldest activities. Today in dits
various forms it is one of his most common activities.

Music production ond reproduction has been influenced throughout
nistery by the state of technology. stodern digital comouters
provide a pew and fertile around for the research and production of
musical sounds.

The complex nature of twsical tones has been consfdered vy the likes
of Pythaguras ang Galileo, but only with the nreduction of the first
electronic nusic svnthesizers was the Tnadeauacy of sinple waveforns
in tre gencration of synthesized tenss appreciated.

It is apparent that tne nrervegisite for a rusic synthesis systen is
an understanding of the neture and percention of rusical tones. The
Fulluwing text descrives tie aevelsnnent ana coiwdssion of a iwsical
tone anglvsis enviromient, and 1ts use in obtaining inforration
regardimg te structure of rusical tones and  their  related
perceptual eftects -~ tne qeal veing Lo syntaesize new sounds with
waveforhs vased on taose of natural instrunent sounds,

"a single intuned sound is weaningless in the sense of a
wusical favestigation when, sfter onset or any other chanae,
it vecwwes stationary or reacnes & value which remains
unchanged in tine...

+».in the laws of nature there is a relotionshin between the
stationary sound structure and that of sound movement, or
the onset process,”

Fritz Wwinkel - on the dynamic nature of nusical tones.




Lisy of Abbreviations

. * ACIA - asynchironcus Counicatiens Interface Adaptor
| AUC ~ Aralog to vigital Convartar

CLI - Cownang Line Interpreter

CPU -~ Ceniral Processing Unit

CV - Contral Voltage

UASHn - Data Acquisition System for wusical tone Analysis
Ul - Dynaitfc Handom Access eeriory

bisa = uirect seuory Access

I/u - Input/tutput

UEPS - Open Ended Pronlen Solver

POL - Prugrai bescription Lanquage

VCA - Yoltage Contralled Amplitier

YCF - Voltaje Controlled Filter

YCU - Yoltage Controlied uscillator
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CHAPTER 1

INTRODJCTION

This chapter introduces the historical backaround of electronic
uusic synthesis and looks av some modern synthesis techninues.
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1.1 A Brief History of Music Synthesis
Research into the generation of musical sounds is not new. Early
musical instruments were devaloped by changing the lengths of
strings, changing the sizes and shapes of soundboards and by
changing the material of the component parts. Evaluation of the
saunds generated by these instruments was purely by ear.

By the end of the nineteenth century, the development of acoustic
instruments had leveled off, and the instruments of the orchestra
were firmly established in the concert halls and music chambers of
the world.

A radically new instrument was introduced in 1906 when the
Telharmonium was installed in the Telharmonic Hall in Mew York. The
Telharmonium used more than one hundred alternators (each capable of
generating as much as 15 kilowatts of power} to generate music which
was transmitted via telephone lines to subscribers. Electronic
music had arrived.

The invention of the vacuum tube led to smaller and more usable
electronic music synthesizers. One instrument that attracted much
interest during the 1920s was the Theremin. The Theremin departed
from convention in its user interface - Instead of being played via
a keyboard, it was played by moving the hands in the space
surrounding the fnstrument.

The Hammond organ developed fn the 1930s used the same principle of
sound generation as the Ja2lharmonium; however instead of large
mechanical generators, tons wheels induced waveforms {n adjacent
cails.

The Solovox developed by the Hammond company was the first
instrument to use modern synthesis techniques. It used a single
tone gernerator and an assortment of waveshaping, filtering,
frequency dividing and envelope-shaping circuits.

€arly synthesizers, although innovative, produced unnatural sounds
and were thus delegated to providing weird sounds for special
effects and for background music in films.
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Largety as & rosuit of ur.  Kooert Livog, whuse narme has  becone
synonyuous  with  synthesizers, second generaticn synthesizers
appeared in the late 1%oUs.  Tnese synthesizers were nosular in
construction, an¢ more jmpurtant, the podules wers controlled by a
culwion paranwter: voltage.

1.1.1 podern Techniques g{ wsic Synthesis

The modules and wecnanistis of second-generation synthesizers have
dictated tne evolution of =odern rusic synthesis technioues. These
modules fal1 into three categories {fiaure 1,1):

Lo yaveforn rereration - modules consisting of various
wavetorn oseiliators wnose Freauencies sre controiled by an
input veltane, and nuise qenerators for nercussive and wind
tyne SOunds.

2. aavetorn mogitication - filters, atnlitiers ana nixers to
sty the harnopic content of the waver g - under
veltage contral,

3. daveforn control - counlation nargware to ajve vibrato and
treulo eftects.
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Figure 1.1 : Electronic Music Synthesis modules.

Second-generation synthesizers incorporated an assoriment of these
modules interconnected with patch cords somewhat 1ike an old
fashioned telephone switchboard. Control signals and audio signals
were carried on two distinct s.wmal paths. The control path carried
sfgnals corresponding to the changes in the parameters of the signal
on the audio path. An example of voltage controlled synthesis {s
illustrated by figure 1.2. The control voltage (CV} controls a VCO
as well as a VCF on the same audio signal path. A variation in the
control voltage tauses a change 1in generated frequency and a
proportional change in the frequency band of the VCF. The ocutput
audio signal thus varies in frequency while maintaining a constant
harmonic enveiope. This s perceived as a varying pitch of
consistent tone.
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Figure 1.2 : Typical signal patch path in a voltage controlled
synthesizer.

Signal patching alrowed the maximum use of the resources of a few
synthesis elements. It was difficult, however, to repeat intricate
patch patterns and level settings with absclute accuracy -~ setting
up a particular sound required time~consuming iterative methods.
Users were therefore restricted to a small subset ef the sounds when
different patches were reguired in rapid succession.

The devetopment of synthesizers with internally wired signal paths
provided a partial solution te these restrictions. The modules in
these instruments were wired together to provide the most versatile
signal paths. Some had provision for timited variation of the
patches. The result was a more usable instrument with reduced
versatility, but increased repeatability.

The tate 19/U0s saw the introduction of digital technology in
electronic music analysis and synthesis - initially only in the form
of storage and contro)l systems for analeg synthesizers. The control
parameters were stored in digitai memory, alleviating the tedium of
repeated signa) patching and parameter setting. Once a particular
sound was found, the musician could assign it to a switch or button
which, when activated, would ‘“program" the synthesizer with the
parameters stored in the memory addressed by the switch.

Digital computer technology 4s only beginning to  influence
electronic music synthesis. More recent synthesizers range from
analeg peripherals for the Apple microcomputer to dedicated
sixteen-bit microprocessor-based systems employing advanced digital
signal processing techniques. .
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1.2 Electronic {jusic Synthesis Techniques

1.2.1 Terminology

As an introduction to the techniques and terminology used in modery
wusic research, it is useful to classify the various techniques of
electronic music analysir and synthesis. This terminology will be
used throughout this dissertation.

1. Synthesis-elements - the waveform ceneration, rodification
and controlling modules used in an electronic music
synthesizer.

2. Tone-description parameters - the values of the functions
used to control the tirbres generated by the
synthesis-elenents.

3. Paraneter-definitfon - the method used to derive the
tone-description varaneters.

4. Synthesis-tecnnique - the method of using the
tone-description parametars to control the
synthesis-elements.

5. Tachnology - the Analoa or Digital implementation of the
synthesis-tecnnique and parameter-definition.

The technology associated with the varicus synthesis techniques s
given in table 1.1,
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PARAMETER SYNTHESIS TECHLOGY
DEFINITION TECHRIQUE

Direct Subtractive Analog
Analysis-based Additive Diaftal
Analysis-pasen suotractive Bigitat

direct wavesnaping Digital

birect musiaue Concrete Digital/Analog

Taple 1.1: Comason Synthesis Techniques and their implementations.

st synthesizers use a cosbination of two or mare of these
techniques. Subtractive synthesis schenes, for exanple, often
enploy waveshaping techniaques such as frequency wodulation.

1.2,2 Paraneter Definition

1.2.2.1 Direct Synthesis - Uirect synthesis is probably the oldest
method of parameter definition, and has been the =ost widely used
conmercial tachnique over the Jast decade. With direct synthesis
the synthesist intuitively controls the tone-description parameters.

Oirect synthesis can be implemented on second generation analog
synthesizers., The synthesist Jjteratively sets up the sound he
vesires by defining signal paths with pateh cords and parameter
settings on potentiometers and switches. Oirect synthesis has also
been i{mplemented on digital computers. Several special purpose
computer languages have been developed to implement the parallel
processes of nusfc synthesis.
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These music synthesis languages define a series of computational
medules, each representing a synthesis clement. The modules are
Tinke. together (patched) to produce the output waveform. A “"piece"
of music is written as a program consisting of two parts:

1. Instrument definition - the various computational modules
necessary to describe the sampled data waveforn of the
sgund.

2. Event Tist - the sequence of musical events, their starting
times, durations, and pitches,

These languages are useful for developing ar+ evaluating signal
patns which may later be either hard-wired or implemented on
dedicated computer nusic systems. The Janquages are not Timited to
direct synthesis, in ract the conputational modules may be fed with
tone-description pavameters derivea trom musical tone analvsis.

1.2.2.2 Analysis-iased Synthesis - Analysis-based synthesis relies
on tne extraction of tre tone-description parameters from the
waveforms generated oy an acoustic or electro-acoustic musical
instrument. uigital computers are invaluahle in the analysis of
these nusical tones. Hany computationally efficient digital sional
processing alqorithios may be used to analyse musical sounds.

The aim of analysis-based synthesis systers is to create new musical
sounds with the timbral character of natural instruments. MNatural
instrument sounds are thus a subset of the tones available on an
analysis-synthesis system. The analysis system can be evaluated by
the closeness of the synthesized sound to the original.

1.2.2.3 HMusique Concrete - iusique concrete differs from hoth
analysis-based and direct synthesis. Ho waveform generation takes
place; instead, signal processing techniques are used to modify the
sounds generated by musical instruments.

Musique concrete originated from the use of tape recorders to
generate echo, phase shifting, Fflanging and chorus effects. The
tape recorder in modern musique concrete has been replaced by
digital computing systems which provide greater flexibility.
rianipulation such as changing the pitch of a sound without changing
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its duration, and changing the dw-ation cf a sound without changing
its pitch are possible on digital systems.

1.2.3 Synthesis Technigues

1.2.3.1 Additive Synthesis - Involves the synthesis of a complex
waveform by the addition of its compoment parts. Fourier Synthesis
is the special case of additive synthesis where the component parts
are the spectral conponents {sinusoids) of the svnthesized waveform.

1.2.3.2 Subtractive Synthesis - The resultant waveform s
generated by filtering out unwanted portions of a harmonically rich
waveform.

1.2.3.3 Waveshaping Synthesis - Mathematical translations and
retations make it computationally efficient to produce complex
waveforns witn time varying harmonic content. Le Brum (1] provides
a comprehensive analysis of the existing techniques including
Chowning's frequency modulation, see Chowning (2]. Although
analysis-based waveform synthesis techniques are virtually
unexplored, direct methods have been used to match the steady state
narmonic spectra of many wind instruments.




CHAPTER 2

AHALYSIS-BASED HlISIC SYNTHESIS

The requirenents of music analysis and synthesis svstens are
evaluated by an exanination ¢f the percentual charzcteristics of the
huran auditory syster. Two mocels for amalysis-based music
synthesis are presented.
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2.1 The Perception.of Husical Seuns
The perception of rwsical tune {s dependant on three parameters:
pitch,louaness and tinbre.

Pitch and Toudness are readily understood. Timbre is best explained
as the cumulative effect of everything besides pitch and toudness
(the American Standards Association (196V) defines timbre as “that
attribute of auditory sensation in terms of which a listener can
Judge that two sounds similarly presented and having the same
loudness and pitcn are dissinilar”).

A nmusic score conveys information to the nmusician regarding all
toree of tnese paraneters:

1. Pitch - by tne location of the notes on the staff,

2. Lloudness - by expressions such as Pianissino and
Furtissino, and

3. Timbre - by expressions such as Agitato, Brilliante and
Legato which describe an emotion that the piece is to
convey - usually interpreted into the timbral qualities of
the sounds.
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Acoustic musical instruments provide physical contact between the
musician and the acoustic wechanisms of the instrurent - 2llowing
experienced nwusicians to convey the emotive qualities of music by
adding timbral-altering effects such as dauping and vibrato.

Electronic Music Synthesizers are known for their lack of timbral
control. New sounds soon become boring and notably synthetic, cue
to their timbral rigidity.

Three levels of timbral contro) are currently implementad on
keyboard controlled synthesizers:

1. At the lowest Jevel, the timbre is unvarying. Hore
advanced techninues nay base the rigid timbres on the
characteristics of an acoustic instrument.

2. lore interesting sounds are generated when some form of
randon or Tinear interpolation is used to vary the tirbres
oi individual notes.

3. State-of-the-art experimental keyboards use two-dimensional
velocity~-sensine keys and keys capacitively counled to the
striking object {finaer) to extract as much information as
possible fron the manner in whicn the key is struck. This
information is used to control the timbral variations of
the sound, cntancing the deqree of cormmunication between
tne musician and the instrument - allowing emotive timbral
controi throuch this interface.

Ausfcal  tone analysis s complicated by the perceptual
inconsistencies of the human senses. To understand the effects af
acoustic variations on the human auditory system, and to deternine
the extent to which data descridbing these variations need be
specified, an examination of the perceptual characteristics of this
complex hearing mechanism is presented in this chapter.

It should be noted that analytic descriptions of eusical stimul§
rely on perception. It is therefore not surprising that an enorrious
amount of experimentation is renuired to determine which perceptual
data are reliable. Most experimental techniques are based on the
presentation of wusical tones of known characteristics to a jury of
listeners ranging from the naive to the musically proficient, and
wvaluating their descriptions of the tones.
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2.1.1 The Perception of Pitch

The pitch of a complex tone is always perceived as that of a pure
tone at the frequency of the fundamental (which may not nacessarily
exist in the tone itself). The pitch perceived when the fundamental
is not present in the complex tone is known as residue pitch.

Residue pitch has been extensively although not cenclusively
investigated. The classical theory is that pitch is attriputed to
the high relative Joudness of the fundamental which may either exist
in the tone itself or be introduced by non-linear effects of the
ear. Ccntemporary theory is that the ear detects pitch fron the
periodicity of the soundwave.

after providing evidence tnat tne nun-linear distortion of the ear
is too swall to induce a percejved pitch corresponding to the
rissing funaamental, Plerp [3) conducted experinents with two
eermles  suionti wwosented  successivelv.  Tie second represented a
10w decrease in fundarental frecuency and & 10%  increase in  the
frequeacy of the second dad fifaker haraaics. Ubserving that the
1% harmonic increase influenced the perceived pitch more than the
iUé  fundamental decrease, Plonn concluded that the pitch of complex
tones is based on the seriodicity of the soundwave, rather than the
frequency of the “fundasental" cerponent of the wave.

vany pitcn-detection algarithns relv on the periodicity of the
conplex tone to estipate 1ts pites. Tine-domain technioues analysa
the perifogicity of the tine waveform itself, while in the frequency
domain  the most successful techniques estimate the pitch bv
analysing the periodicity of the frequency spectrun.

2.1.2 gonsonance, Dissonance and Critical Bandwidth

Pythagoras is said to have been the oriqinator of the theory of
musical harmony. He discovered that tones produced by the vibration
of strings with the intener Tennth ratios 1:1, 1:2, 2:3 and 3:4
produced more appealing harmonies than other ratios. These
intervals are called consonances. Uther ratios, 4:5, 3:5, 4:6 and
5:8 are now included as “imperfect consonances" {It is on the
character of the tones and harmonies nenerated by these intervals
that western music has developed).
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Plomp and Levelt [4] define consonance as "the peculiar censorial
experience associated with isolated tone pairs having simple
frequency ratios".

Terhardt [5] defines cansonance as the ‘“undisturbed simultaneous
sounding of pure tones®, and deﬁnes the disturbing element which
destroys as is agsociated with the
beats present when twe pure tones of close frequency are sounded
together. Terhardt claims that the consonance referred te by Plomp
et al 1is governed by the frequency difference (critical bandwidth)
rather than on the frequency ratio of pure tone pairs.

The consonance of complex tones sounded together is dependant upon
the number of partials (see page 2-5) of the tones producing beat
frecuencies.  This number is minimised when the fundamental
frequencies of the complex tones are related by a ratio of small
{ntegers.

Ohm's acoustical law describes the ability of the human ear to
decompose a compiex tone into its sinusvidai components. To
ascertain the number of distinquishabie partials Plomp [6] conducted
experiments using multitone signals, and showed that partials could
be distinguished only 1if their frequency separation exceeds a
critical bandwidth. For frequencies above 500 Hz a critical
bandwidth is about 1/4 octave.

Pierce (7] used digital computer techniques to generate an
experimental musical scale consisting of eight tones with a
frequency ratio r, such that 10ng)=1/8 {the equally tempered music
scale has r, such that logz(r)=1/12). He found that in accordance
with the theory of critical bandwidth, the tones generated by
partials separated by at least 1/4 octave sounded more consonant
than tones generated by partials separated by 1/8 oactave. Plerce
concluded that “by providing music with tones that have accurately
specified but nonharmoniv partial structures, the digital computer
can release western music from the tyranny of 12 tones without
throwing consonance evarboard”.

2.1.3 Effect of Phase on Timbre

Plomp and Steeneken [8] found that the maximum effect of phase on
timbre is smaller than a change of 2 dB of sound pressure level, and
is less for high than for Tlow freguencies. Their results also
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Plomp and Levelt (4] define consonance as “the peculiar sensorial
experience associated with isolated tone pairs having simple
frequency ratios".

Terhardt {5] defines consonzeie as the “undisturbed simultaneous
sounding of pure tones”, and defines the disturbing element which
destroys as r is associated with the
beats present when two pure tones of close frequency are sounded
together. Terhardt claims that the consonance referred to by Plomp
et al 1is governed by the frequency difference (critical bandwidth)
rather than on the frequency ratin of pure tone pairs.

The consonance of complex tones sounded together is dependant upon
the number of partials (see page 2-3) of the tones producing beat
frequencies. This number i5 minimised wher the fundamental
frequencies of the complex tones are related by a ratio of small
integers.

Ohm's acoustical Taw describes the ability of the human ear to
decompose a complex tone into its sinusoidal components. To
ascertain the number of distinguishable partials Plomp [6] conducted
experiments using wultitone signals, and showed that partials could
be distinguished only 1if their frequency separation exceeds a
critical bandwidth. For freguencies above 500 Hz a critical
bandwidth {s about 1/4 octave.

Pierce [7] wused di;ital computer techniques to generate an
experimental musical scale consisting of eight tones with a
frequency ratio r, such that log{r)=1/8 (the equally tempered music
scale has r, such that log{r}=1/12). He found that in accordance
with the theory of critical bandwidth, the tones generated by
partials separated by at least 1/4 octave sounded more consonant
than tones generated by partials separated by 1/8 octave. Pierce
concluded that “by providing music with tones that have accurately
specified but nonharmonic partial structures, the digital computer
can release western music from the tyranny of 12 tones without
throwing consonance overboard”.

Plomp and Steeneken [8] found that the maximum effect of phase on
timbre is smaller than a change of 2 d8 of sound pressure level, and
is less for high than for 1low frequencies. Their results alse
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indicated that the effect of phase on timbre is independant of the
harmonic amplitude pattern and the Joudness.

2.1.4 Effect of Harmonic Variations on Timbre

The question of the effect of the temporal evolution and cessation
of harmonic structures in the recognition of musical instrument
timbre was investigated by Berger [9]. Several wind instrument
tones were recorded and played back, both unaltered and backward,
with the attack and delay portions either removed or filtered. He
concluded that the attack and release of a waveform seem to give the
listener important clues to the recognition of the instrument.

On the basis of earlier work on the perception of timbre, Grey {10]
used a method of apalysis-based additive synthesis in a series of
experiments to determine a measure of both the discriminability and
perceptual distance betwean tones produced by analysis-synthesis or
data-reduced synthesis technigues and the original tones upon which
they were Dased.

Time-varying amplitude and frequency functions were obtained for
each harmonic of a complex tone. The tone was then synthesized by
summing & set of harmonic sinusoids controlled in time by the
analysed functions.

The most relevant investigation carried out by Grey was on the
extent to which data reduction techniques could be appijed to the
massive amount of data describing a single musical instrument tone.
He synthesized four versions of the original tones using

1. Complex-synthesis - where the complex amplitude and
frequency functions resulting from the analysis were used
to control the parameters of a set of sinusotids.

2. Line-segment approximation - where four to efght
line-segments per function were used to model the complex
functions.

3. Cut-attack approximation - where a 1ine-segment
approximation as above was used, with initial Tow amplitude
segments in the attack excluded.

4. Copstant-fregquencies approximation - where a Tine-segment
approximation was used with constant frequencies
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substituted for the time-variant frequency functions.

The perceptual studies revealed that the extent of the
data-reduction and the nature of the approximation (1ine-segment,
cut-attack or constant-frequencies) have different, discriminable
effects on the perceptual distance between-the synthesized waveforms
and the originals. The wmost successful data-reduction technique was
the Tline-segment approximation 1in both the time and frequency
domain. The cut-attack approximation was judged most discriminable.
The constant frequency approximation, which is used in most additive
synthesis schemes, was found to be very discriminable 1in several
cases.

Mathews and Pierce [11] could not conclusively decide whether the
perception of harmonic effects resuited from

1. Residue Pitch,
2. Critical Bandwidth, or

3. Cultural Brainwashing.

The perception of musical tones is clearly a complex phenomenon - an
understanding of which 1s necessary as a starting point for the
development of musical tone synthesis systems capable of timbrally
rich sounds.

The following points are considered fmportant:

1. Tones separated by a critical bandwidth are perceived as
consonant.

2. The pitch of complex tomes results from the effect of the
periodicity of the soundwave and not from any frequency
present in the soundwave.

3. The relative phases of the harmonics of a complex tene have
a small effect on the perception of the tone.

4. The attack pertion of a natural musical {nstrument tone is
very important for the recognition of the sound.

5. Line-segment approximations can be applied as
data-reduction technigues to both the frequency and
amplitude description functions of the complex musical
tone.
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2.2 Analysis-Based Synthesis Models

Associated with the acoustic waveforms of most wmusival instruments
are frequency spectra exhibiting partial frequencies at near-integer
multiples of the fundamental frequency. It is often convenient to
refer to these partials as harmonics even though they ao not always
occur at exactly integer multipies of the fundamental.

In the following text the term partial refers to activity at
unconstrained frequencies, and harmonic is used to describe partials
at frequencies which are near-integer muitiples of the fundamental.

This type of harmonic generation is characteristic of the vibration
modes of reeds, organ pipes and stretched strings {appendix B).

Musical tones exhibiting harmonic spectra are termed voiced, while
percussive instruments such as bells and drums which are
characterized by inharmonic spectra are termed unvoiced.
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2.2.1 The Suptractive Synthesis iiode)

Acuustic musical instrunents exhibit properties sinilar to those of
the spegcn  production  nechanisa. tn the basis of these
similarities, the mathenatica) equivalent developed for  the
production of synthetic speech can easily be appiied to rmusical tone
synthesis.

Consider the physical structure of any rusteal instrument.  The
instrurent has two innortant conponents.
1, A source of nechanical vibration - reed, strina, skin etc.
2. A resonant body - powl, drun, tube etc.
The source of mechanical vidration produces an excitation waveforn
which s acoustically counled to tne resusant body. The acoustic

circuit of tne instrunment can be represented by the electrical
anatog of figure 2.1.

Excitation 103

Rosonant bady hi1}

BLESIRIG, GIBGULT ANALOGUE_OF
SICAL._INAY HuME

Figure 2.1 Analogy petween electric circutt frenuency  response  and
wusical instrunent resonance.

x{t)=excitatiun waveroru, h{t)=impulse respoanse of resonant body,
Flt)=output signal {uusfcal tonc), X{w)=frenuency spectrum of input
(excitation wavefura), H{w}=transter Function ({resonances of
instrument}, Flw)=trequency spectyrun of output (acoustic waveform).
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In accordance with the electrical analogy, the resomances of the
musical fnstrument's body cause enhancements or depressions in the
frequency spectrum associated with the excitation waveform. The
enhanced {resonant) frequency bands form spectral "humps* (figure
2.2} which are known as formant regions.

If the formant regions are represented by a cascade of bandpass
filters, the formants occur where the centre frequencies of the
bandpass filters wouid lie.

xiwd i)
W W
Hesavancy sectrum o Farmant_ceprssentation
axiietion wavetorm of merumenty
Fo

W
Feoquinoy_apactrum of
hasitan mosicat lone

Figure 2.2: Spectrum of excitation waveform and formants associated
with musical Tnstrument tones.

The parameters of the acoustic wave vary stowly with time so thai
for a short section of the wave the parameters can be approximated
as stationary. The musical instrument tone f(t) can thus be viewed
as the time convolution of the excitation waveform x(t) with the
impulse response h{t) of the instruments resanant body.

Flt)ax(t)*hit)  ecmmaann (1)
And in terms of the Fourier Transform.

Flw)=X{w) H{w)  mmeeeeen (2}
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s Iy
S ™

noise

Figure 2.3: .odel for subtractive synthesis of musical instrument
tones.

Figure £.3 snows tne model Ffor subtractive synthesis of rwsical
instrument sounds. The excitation waveform x{t) can be either

1. a harmonically rich wavefern having spectral components at
every partial frequency for voiced sounds, cr

2. bandlimited wnite noise for unvoiced sounds.

X(w) is fed into 2 formamt filter which models the frenuency
response  hH{w) uf the instrument. The fcrant filter dictates the
farrionic content of the synthesized waveform by “carving" out the
unwanted harwonics of X(w). This removal of unwanted harmonics
gives the technique the name subtractive synthesis. Matural tinbres
are achieved when H{w} and X(w) are time varyina functions
controlled by the tone-description parameters resulting from a
musical tone analysis.

Many algorithms have been propesed - the most widely used being
cepstrum pitch detection,  The cepstrum technigue is particularly
useful for the subtractive synthesis model as it provides pitch,
formant and veiced/unvoiced information.
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2.2.3 Cepstrun Pitch Determination

Applying Viscrete Fourier Transform analysis to a finfte record of
the digitized musical fnstrument tone f(t) of pericd T, the square
of the magnitude of the Fourier Transform §s the Power
Spectrum |F(w)]* consisting of harmonics spaced at 1/T Hz. The
Power Spectrum §s thus periodic and equal to:

Ftwll™= KO0, Mool - (3)
The time domain convolution of the excitation wavefoms and the
impulse response of the resonant bady of the instrument has now heen
converted to a multiplication in the freauency domain.

For the purpose of analysis, it is convenient to separate these twa
parameters. Taking the logarithm

Tog IF (w) = Togl IXtwi [T =~
= TogL IXtw) P+ T ogh Ji(w)?] =-(5)

The significance of tnis is that tne time doein convolution has
been transtormed into a linear combination of the two expressions
{addition). This is {2lustrated in Haqure 2.4(a). Deconvolution of
waveforns in  this manner 1s known as Hononorphic filtering and is
aescribed by Uppennein et al (12] and specifically for the speech
waveform by Oppenneim and Schafer [13}.

og | £ Iiliog

A

> i
4 Loganthm speciom ) Hawse savctram of
Ingarithin apactrum

Figure 2.4: Homomorphic processing of sTowly time varying acoustic
waveforms.

The effect of the frequency response of the instrunent's body is to
produce the Jow frequency ripple in the logarithm spectrum, the
“humps® of #hich are the fermants. The high  frequency ripple
superimposed upon the frenuency response is the Togarithmic power
spectrum of the excitation waveform - ft exhibits a strong
parfodicity.  The Fourier transform of the togarithm power spectrum
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shows a peak corresponding to the periodicity of these high
frequeficy ripples as well as activity related to the low frequency
ripple (Figure 2.4(b)).

This representation is known as the cepstrum. Noll [14] and
Chitders et al [15] provide detailed discussions and applications
information on this technique. Cepstral quantities exist in the
time domain with similar properties to spectral quantities in the
frequency domain. The names given to the cepstral quantities are
derived from those of the parallel spectral quantities:

spectrum cepstrum
frequency quefrency
phase saphe
amplitude gamnitude
filtering 11ftering
harmonic rahmonic
period - repiod

Cepstrum and quefrency are, however, the only terms in common usage.

Cepstral analysis provides the parameters for the subtractive
synthesis model. The peak at T in figure 2.4(b) shows activity at a
quefrency of T seconds, this corresponds to the high frequency
ripple and is the pitch-period of the excitation waveform. The Tow
time activity is due to the frequency response of the instrument.
The formants are obtained by short-pass Tiftering (low-pess
filtering) the logarithm power spectrum.

Zero high-quefrency activity indicates a non-periodic spectrum and
thus an unvoiced excitation waveform,
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<.2.4 The Additive.Synthesis Hodel

Lonsider again the nusical instrument tome f{t), This signal can be
expressed in  termms of any set of complete orthogonal
functions, @{t},such that:

Fit)= Zk [ N F—— (6}

#here:  fy: is the weighting factor
of the function filt)

f(t) can thus be represented by a surmation of signals $u(t) of
ampplitudes fyx. This is the basis. of the additive synthesis models.

A wide variety of orthogonal functions are available, such as
exponential functions, trigonometric functions and Walsh functions.

Two find frmediate application:
1. Exponential functions {Fourier) and

2. «11sh functions

4alsh functions are generated from o set of non-uniform-duty-cvcle
rectangular  functions taking on the values +1 and -1. The
periodicity of walsh functions is rmeasured by %. - average number of
zoro crossings per second {zps) and is known as sequency.

walsh transforms arge covputationally rore efficient than their
Fourier counterpart due to the binary nature of the Walsh functions
(sine and cosine functions are replaced by +1 and -1}.

However it is useful to develop the additive synthesis model using
Fourier transform methods because frequency s conceptually easily
understood. This does not prohibit the use of other techniques to
iuplement  the sound analysis and synthesis. A hypothetical
analysis-synthes{s system could pertorm all analysis and synthesis
computations using daish transforms and, when user interaction is
required, represent the sequency information in terms of frequency
through the use of Walsn/Fourier conversions.
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tworer [16] proposes a versatile nodel for additive synthesis using
frequency donain techniques.
o
Finy= 2" An)Sta{nTTws2my 01} ~~(7)
=t

Where:
F(n}: Value at time nT

n : sample number.

T : Time between consecutive samoles
(Sampling period).

w : Fundamental freauency of
tone (radians).

k : Harmonic (partial) number.

+ Humber of partials.

A (n) : Auplitude of partial k at time
AT (slowly tine varying).

D {n) : Fregquency deviation of haraonic
k at tie nT {sTowly tine varying).

Frequency analysis methods are applied to a diqitized natural
inserument tone Fin) to determine the slowly time-varying partial
frenusacies Lkw+2iiDk {n)}] and their amplitudes Ay (n). These
functions can then be approximated py data reduction techniques and
used to drive sound-qeneration hardware similar to that shown in
figure 2.5.
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sutpet

Addtion ot
harmonies,

A= Amentuds Sinmware Amohtiace
Kinetions Stz

= Fragve
fictg

Figure 2.5: Additive synthesis nodel for the aqeneration of cornlex
tones using spectral cemponents (sinewaves). Each partial s
I controlted in awmnlitude and frenuency by the tone-description

paraneters {3k and Fk, where k=harronic nunber} derived from a
spectral analysis.

Frequency domain nethods allow the rusician/synthesist to vary tre
tiubral  characteristics of natural sounds and intuitively <o
I generate now musical tones with the perceptual qualities of natural
‘F musical instruvents.
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CHAPTER 2

DEVELOPING A WUSICAL TOHE AHALYSIS 5HYSTIL.

© 3osten capaole of guuiu freougncy data canture and amlvsis is
required tor tne propused examination of the ~haracteristics of
musical instrument tones. In this chapter the ev . ..ion of a design
specification ang the subsequent desigqn of an » 3 freauency data
capture and analysis system for rusical instrument tone analysis s
presented.
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3.1 Evelution of a Specification

This dissertation is concerned with discrete-time models of musical
tones - the broad term objectives being:

1. to analyse musical instrument tones using digital signal
processing techniques,

2. to obtain a quantitative representatien of the
characterizing parameters of the musical instrument tones,
and

3. to create an environment for evaluating different analysis
techniques.

Etectronic music is only beginning to exhibit the influence of
digital signal processing techniques in the analysis and synthesis
of musica) tones; therefore, rather than a dedicated musical
instrument tone analysis system, a general purpose data analysis
system constitutes an ideal environment for developing music
analysis and related digital sfgnal processing strategies.

A system satisfying these requirements would:

1. digitize audio frequencies up to about 18 KHz,

2. subsequently prucess these signals with user-programmable
digital signal processing technigues,

3. allow interactive programming of analysis algorithms for
their evaluation.

These requirements can be met by using a large computing resource in
conjunction with an audio frequency data capture facility. The
design of this data acquisition system is presented here.
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3.1.1 Resources

A large library of digital signal processing software has been
developed 1in the department as part of a larger "Open Ended Problem
Solver® (QEPS) package. (see Hanrahan [17]). Consultation with the
author of the package led to the realisation that the signal
processing software available on 0EPS and the structure of the
package made it a powerful environment for the analysis of musical
tones. All that was needed was & data acquisition system
interfacing it to the analog environment. An ANALOGIC MPE312 12 bit
linear Pulse Code ModuTation (PCM} ADC was made available for this
purpose.

OEPS resides on the departmental Data General Eclipse /140
minicomputer and is written in BASIC. The task was to interface the
ADC to the ECLIPSE, to establish a general purpose data capture
system for the OEPS software - primarily for musical instrument tone
analysis.

The ECLIPSE, being a multi-user system and often under considerable
denand, was not to be burdened with the overhead of controlling the
data capture system. The hardware was thus designed to operate
independantly of the host computer - as a stand alone unit capable
of the necessary data menipulation prior to the data being
transferred to the nost computer.

3.1.2 Data Storage

Storage of any significant amount of digitized audio waveform
requires a large digital memory. State-of-the-art 64 Kilobit (Kbit)
Dynamic Random Access Memory (DRAM) provides a compact and economic
solution to large memory arrays; however, the use of these devices
places certain constraints on system design. Unlike static RAMS
which can be written into and read from with minfme] control of the
read/write process, DRAMs require accurate timing waveforms during
the read/write and subsequent refresh cycles to ensure data
retention.
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3.2 Data Acquisition Systerts Functional $necification

For wurposes of abbreviation the Data acau’sition Svstem is referred
to as UASWA {Data aAcquisition Systen “or lnsical tone Analvsis
(Figure 3.1)}.

sus ost
} R8~232 o4 RS =232
T

o

sdie sn

USER TERMINAL

. ANTIALLSING
i Area

AUDIO SOURCE

Figure 3.1: Furctioral renresentation of tne data acouisition
systen envirenuent.

Toe systen tunctions can be suwarised as follows:

1. UASHA comrmnicates witn tne user and the host minicomputer
over two separate serial data 1inks.

. 2. Dbata transfer tv 1he host is under 2 hinh level but simple
protocol so that DASHA may readilv communicate with other
host cowputers besides the ECL  SE.

! 3. tost-dependant activities such as direct rmemory access or
interrupting are avoided by including a larce temparary
data storage facility in the data acauisition hardware.
i . This memory s expandable in od kilobyte blocks., - The
digitized data is stured in this memorv and then
j transterred to the host under full proaran control.

2

The software creates a wser-friendly environment through a
command Yine interpreter, aliowina user entrv of sirnle
cortiands which set tie various functional modes.
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5. Programnable functions include the data link baudrate as
well as the ADC sampling frequency - which fs both software
and hardware prograrmable.

6. Analog to digital conversions are software enabled, and are
initiated when analog sicnals abovy 2 nraset threshold are
detected.

A terninal sfraflation progran allows direct usuer
interaction with the hust.

- .
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d.3  Vata acaursition System: Technical specitication

System performance and hardware costs were main considerations
deterrmining tae snecitication and the subseauent desinn. Use was
nade of suitable resources available from the university -
particular iters being the AUC and the card frane in which DASHA is
housed. ¢

d.4.1 Analog te Biqital Conversion

nudio frequencies tie between 20 and 200U hz ~ a target sampling
trequency s tnerefore about bU Khz. (Tmis could become a standard
ror protescional digital audio systems).

uvlesser [2s] reports @ qaxivan desinn goa) of 9 ¢b  dynamic  range
fur nerceptually Josslass auigital representation of the audio
waverurii,

fhe muALbtIC 9L nravioes a Jynaic ranne of aporoxirmstely 72 di
{l2 weit ALY ane a naxiiwe sapling freauency of Lot €4z, This
eynanic ranqe  is cuooarable wita orofessional auality  analoe
racorcing equipuent.

3.3.2 DNata Storage

vata is stored in a renory array consisting of 64 Kilobyte x 12 bit
blocks of Uynaaic kandom Access ilevory {DRAi1}, only one of which is
installed in the prototype {although addressing Facilities for three
wore are provided}.

The required mewry size 15 deternined fron the folloewing enuvation.

oElRY SIZE = SAWLING RATE x DATA LURATION

where:  wenory size is measured in Kilobytes
(Koytes)

Samplina rate in Kilohertz {KHz)
vata duration in seconds {s)

The protutype can convert and store 2 seconds of audio data at a
sampling frequancy of 32 KHz.
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3.3.3  Systew Architecture

A00REss.sa 10
cp A
anoRess
cezonwa o wa A
fof
cantRoL w7
avsen som svsram paw

o
gy

usER sRAtaL age sEhAL
gt DATA UMK

Figure 3.¢ 1 Functional representation of the JASMA  praocessor
architecture.,

The architecture of DASA 15 best understood through an  examination
of figure 3.2. Tnhe systen is shown to exhibit a standard pracesser
bus structure. System activities are centered areund the CPU
atddress, control and data busses. The ANC and surrounding circuitry
constitute a second hardwired AOC and Birect Hemery Access {ADC/DiA)
proressor controtled directly by the CPU (shown in greater detail in
figure 3.5, page 3-11).

1. The CPY contro)s all data acquisition and manipylation
prior to the dats being transmitted to the host computer,
It consists of a 6502 microprocessor running at a 1 MHz
clock rate plus 10 Kilobytes of system software in &ON.

2. A FOATH compiler, resident in ROM, farms the core of the
system software which at a nigh-Tavel enulates a Conmand
Line Interpreter (CLI} at the wser terminal.

I

At Pawer up, a meny of functions ¥s displayed on the user
terwinal. These are a1l system Tuvel saftware functions.
The menu may be recalled at any time by pressing the £SC
key on the user terminal. A users panual and recommended
operating procedura Is5 given in appendix A. Developrent
software written in FURTH may be interactively programmed
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by the user. Utility software has been written and is
docunented in chapter d.

Two RS-232 data 1inks comeunicate between DASWA, the user
terminal and the host computer. The data Tink protocols
are softwire programmable. Oefault operation is as a 2400
baud bidirectional data Yink with mo parity check. DASMNA
is as pertanle as the RS-232 standard.

@

The anatog interface arpiities 100 nV to 1 volt signals
with 20 to 20000 KHz bandwidth to -1U to +1U volt signals.
The circuitry consists of a variable gain input
preamplifier, coanectione for an external pre-sanpling
filter, and signal detection circuitry which provides a
trigger pulse to initiate analog to digital conversions.

o

fue analog to digital converter (ANALOGIC MP 6912) is
confiqured for a +IU to -10 volt input voltane and praduces
Tinear PCi 12 bit 2's complement binary output with a
sampling frequency variable up to 64 Kz under program
control.

The ORAM s interfaced to the ADC data bus. When data
acquisition is enabled oy the CPU, the DRAM interface
provides address and control information to write the 12
bit data to the DRAY under LA control.

The DasHA software occupies addresses 9FEUH to 9FFFH on the
6502 processur wenory wap (figure 3.3, page 3-9). A series
of data latches at these addresses completely ccntrols the
interaction between the CPY and the ADC/DiA processor, the
dynanic memory array, and the serial 1/0 devices
. {Asyncnronous Comwnication Interface Adaptors).

R
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i

4.4.1 Physical concrruction

Aba s poused in a VERG 3U. 160 rm desp card frame with ouide
rails for 34 VERG card ° thtly spaced, and half that locsely
spaced. The cards used are W 0.1.P board no. 10-0145 A, These
cards plug into edge connector VERD 14-0207E, which has 42 pins.

“he size of the cards prevents the use of 2 uniform bus structure -
trstead the required card inter-connections are hardwired and each
card nas 1ts unique slot in the card frave.

srwre o4 shows an iliustration of the nhysical dimensions of the

ward frame.
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“vere S.40 0 [Histration of the data capture system.
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Functional biock diagram of DASHA showing detail of the
LPU, the ADC/DHA processor and the separate processor blisses.




SYSTEM VEVELOPHENT: PAGE 3-12
Detail of the Desiga

3.4.2 The Lentra) Processing Unit {CPU)
The CPU consists of a 1 fifz 6502 microprocecsor and a FORTH-based
operating system rosiding in 10 kilobytes of ROM, System software

is designed to provide user-friendly interaction via a menu-driven
command line i3tespreter (described in chapter 4 ~ System Software).

3.4.3 Syste_rx_l §ynchrnnizaﬁon Clock
The synchron®=ation c¢lock provides all the tining (excluding the CPU

clock) throug.out DASHA {Figure J.6}.
A1l DRAm cycle. occur syncronously to this clock.

[

FREOUENCY o
BrvioiNG

S
emcurRy e ZRAIL .

27Mne

osaiLuaron

Figure 3.6: Systen synchronization clock gencration module, A 27
1Hz  Ird-overtone, series-rosonant quartz crystal forms the heart of
the system tining.

The system clock is divided synchronously to provide the following
tiaing waveforns:

1. Hefresh Clock (fo } - this 27 MHz clock provides accurate
edges at wmulTtiples of 35 ns for URAN timing waveforms.

2. Delay Clock (fouy ) - this 13.5 MHz clock fs used to extend
very quick pulses generated during system activity -
usually by clocking the signals through D-type f1ip-flops.

3. RASI Glock (feast ) - this 1.68 1. clock s used to
initiate refresh cycles during burst mode rufresk, ard to
synchronize CPY command signals with DRA! refresh cycles.

4. ADC Clack (gbmc) « this 105.5 Kiz clock divided down by the
ADC controlling circuitry (under prograu control) is used
as the sampling frequency for the analoq to digital
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Tnis is the communications interface between the UPU and the ORAH,
the ADC/DMA processor, and the serial I/0 unit. Device adaresses
are decoded for addressing perivheral circuitry.

CPU BATA BUS /6 >‘

barA wus

ovrFERs

T D
55
& ———]

Py ACORESS TS /te >

Figure 3.7: Processor

T
e :
— P ;
it g ;
uaeco e i
Eo
Feo

170 Buiters and *ldress Decoding,
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| AUDRESS | i |
I ORAMGE } FURCTION 1 Stusdl |
I (egy | | |
| Jommasns | |
| 9FEC | Serial data | Em |
i to | 1/ contrel | to |
I wFEF | | Ty |
i | | i
| wekG | Interface to | £ |
| te 1 L 1 ot |
[T I Ty
| i ! |
i Wrs | Various svstom § Egp
| to ( conrols tow
§owEr | | e 1

Tanle J.1: wanress ous yecoded to vontrel runctions
fgo tnrown Fpp

seliable oropgation ur oiwirectional  cata  is  ensured by

vigirectivnal bus Brivers at stratetic intervals between tre CPH ang
the peripnerals.

Sua5 LPLAAUT Arpiter

The LPU/iuC arbiter resolves CPU and AUC DRat access  renuests and
syachronizes tne requests to the current activity of tha DRAML.
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Figure 3.6: CPU/ABC Arbiter Block diagr. .. A1 memory access cycle
requests ara synchrenizes to the current activity of the DRAM.

1.

wpJTS

1. Eg, - Tatcnes the # bit number on the CPU data hus fato
the ADC clock nenurator.

2. facc - 105,5 KHz clock - djvided by the nurber in the
ADC clock nenerator latch to give the ANC convert
clock,

w

PROC/RGC ~ indicates to the arbiter whether ORAM access
requests are from the CPU or the ADC/DIA processor as
follows:

1 - Py

0 ~ ADC/DHA processor.

4. CVC - indicates CPU~initiated DRAI access cycle- - fts
state is reflected on Za when FROC/AIC=1.
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The ORAd

by

RAS)

1.

5. WE - indicates whether the CPU DRAM access cycle is a
read or write cycle - its state is reflected on Zb when
PROC/AIC=1.

6. EOGC - initiates DRAY write cycles when PROC/ADC=0 - its
state is reflected on Za and Z» when PROC/ADC=C.

7. frast - exccutes continuous DRAN refresh cycles and is
usad to synchronize 41) DRA access requests to the
refresh cycles.

8. Powy - used to derive skort timing pulses from fnput
state changes.

WITPUTS

1. ADC CONVERT CLUCK {fcon } - sampling rate clock for
analog to digital conversions.

2. €3 - c¢hip select for emory data bus drivers.

3. RFSH - nalts continuous refresh after finishing the
current refresh cycle - synchronously with {fsast ).

4. LE - indicates that the address infornation on the ORAN
address bus is valid.

5. CYCPO - svnchronous DRAG access-cvcle renuest.
8. ILE - controls the read/write lines of the DRAN.
OTENR - direction control for the bidirectional memory

data bus drivers.

is normally undergoing continuous refresh cycies controlled
» werory access cycles occur as folluows:

CPU memory access: PROC/ADE = 1
CVC and ¥E ere veflected on Zs and b vespectively and
contro} the DRAM-access cycles completely.

ADG memory access: PRUC/ADE = 0
EOC is reflected on Ze and Zu and controls the DRA/l-access
cycles rwpletely.

Za =0 - initiates a renory-access cycle of type {read or
write} dependant upon Zu .

|
|
|
|
|
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4. HFSR is pulled high on the completion of the current meriory
refresh cycle,

b, The LE pulse {5 generated on the next ﬁnAsl cycle and a
CYCRU pulse sTightly Tater (contrailed by o)

These output signals control the next memory access cycle as
follows:

1. TS - selects the mewory data bus drivers.
2. PWE - read/write cycle indicator to DRAW.
3. OTER - givecti ol For uesory 'data bus drivers.
4. RFSH - halts of refresh cycles.

8. LE - latches the s.. esS of toe current DRAL access cycle
into the address multiplexing circuitry,

by CYCRO - initiates 2 DRAH access reauest via the DRAN
controtier,

Figure 3.10 o paae 3-21 11lustrates the waveform timing
during okt reag and write cyeles.

3.3.6 LPU/Dynamic i fnterface

Four blocks of 64K x 12 Bft DRaW #xist on the 6502 nemory map as an
I/u port at addresses OFFUH to 9FFFH inclusive {the prototype uses
only one block of DBRAM - expan.ion f{s readily implementad by
providing the extra address 1ines Ao and A+ ~ see DRAl controller).

This 1/v port consists of three reqisters - cach consistirg of data
latches 2 .cessed by the LPU through control Tines Ee, thronah gy .
The registers held informaticn completely describing the current,
previous or next memery cycio.

1. Control register - a transparent latch accessed by Erg.
The two least significant bits of the CPU data bus are
reflected on its sutput as CYC and WE - when Eggis pulsed.
These outputs are reset by a low geing transition on TR.
The state of CYC and fE determine the DRAM activity (when
the CPU is 1n control of the DRAM),
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DRAM address register - an 18 bit Tatch with tri-state
outputs which are enable when a CPY DRAM access cycle is
requested. Address information {s written into this
reaister as one 2 nit and v ¢ ¢ bit worrs "v the L
writing to Tocations 9FFUH, SFFIH and 9FF3H. This
information ropresents the DRAG address at which the next
ORiwi access cycle will occur.

DRati Vata Register - fuctions as a 12 bit bidirectional
data latch with tri-state outputs, 1% uses two
unidirectional latches connacted back tu back - referred to
as the write-data-register, and the read-data-register.
Bata is 4ritien to the write-data-register by the CPU as
one 4 bit and one J bit data word at CPY adaresses 9FF3H
and YFF4H. This data 1s reflected on the DRAM data bus as
one 1 it data word during a CPU-initiated MRAM write
cvcle,

durtng a UlAl read cvcle the 12 bit data is written into
the read-data-recister by the DiAN controlling circuitry
via GiSe. This data cap then he read by the processor as
twe 3 bit bytes at lecations 9FF6H and 9FF7H.

tiote toit in the sof'tware documentation (Chanter 4) these
recisters are referred to as:

1. the cuntrsl

ister,

2. the address-register,
3. the write-ddla-renistor, and

4. the rexd~data-register respectively.
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ADDA¥SY REQISTEA ORAM AOPAISS HUS Az >

TPy vATA BUS 6

- ]

SRAM DaTA BUS

WAITE DATA

AEAD BATA
ReqisteR

REQISTER

N r?l,

Epy

L3

Figure 3.9: Dynanic RAW  Interface Block (dagram.  The CPU/DRAN
interface 1is the only contro) and data link between the CPU and the

WRA,  AlT CPU-initiated OAAM access cycles occur via  this
tnterface.

1. siemory Write Cycle

1. The CPU writes information describing the data and the
address at which it is to be written in DRAM to the
data and address registers.

2,

tne binary number 11 (three} 1s then written to the
cnntio_i register, the negative edge of Epgcauses CYC
and WE to go Jow,
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2.

TYC=0 epables the output of the address-register
putting the DRAM address on the memory address bus.

WE=0 enables the outputs of the write-data-register,
putting the data on the remory data bus.

TYC and WE propagate through the system to the "ersi
controller causing a memory-write cycle. On ¢t - :tion
of which iR s pulled low by the DRAM controller -
resetting the contents of the conteol reaister causing
TYC and WE to go high and inactive.

The teimory Read Cycle executes in a similar ranner to the
write cycle.

1. Data representing the DrAi: address which is to be read
is written to the aduress-register,

2, the binary nwwer 10 {two) is written to the
control-reqister causing CYC to no low wnile TE reraing
high. CVC=0 puts the riemory address an tha DRAA
addrass ous.

3. The states of CTC and HE cause the DRAW controller to
cxecute a mewory~read cycle during which data is put on
the DUAL data bus, CASo is then pulied tow by the DRA!
controller causing the data to be latched into the
read-data-registor.

4, A valid read cycle is completed about 370 ns after TYC
qoes tow. The processor may thus ir the next
instruction (a winioum of 50U ns later) read the
read-data-register and subseauently process the data.

3.4.7 Dynamic RAN Controller

Industry standard 54 Kbit DRAWs require refreshing every 2 ns. This
can be implenented in several ways - in this case the DRAws undergo
continuous refresn.  Any DRAM read or write cycle is accormplished
by:

1. the CPU or ADC controtler requesting the read/write cycle
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(TYC=0 or £

3,

Z. latching the read/write commands until completion of the
current retresh cycle, -

3. halting the refresh circuitry (RFSH=1},

4. executing tne read/write cycle,

[

resetting the cyc'e request (FR=0), and

6. restarting the refresn circuitry (RFSH=U).

§ ioc Thigzk

Figure 3.10. DRAH access cycles?
1, \C-write cycle
2. LolUewrite cycle

Okt retrosh cycies are of the order of five times as fast as CPU
instruction cycias.  Time dis thus available to svnchronizu the
processor cycle requests to the refresh circuitry as described
above.
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e DRAit Controller is built arcund an Advanced picro Oevices Ai2984
urArt controller (VLSI inteerated circuit}. The A12964 proviides the
following functions:

1. nuitiplexing the mewmory address bus.

2. Row address decoding - selection of one of four memory
banks.

3

Refresh address generation.

rurther civcuitry (figure 3.11) uses a serial-in-parallei-out shift
register {clocked by 3;; )} to generate the DRAM tining waveforms.

e
Toe > -
Toas > G
IR w]  CREUITAY
=
A5,
wn 5,
7T,
SRAM LONTROLLER
(aM2084) s,
o in

aesy

Ly
Ly

MULTIPLEXED 0RAM
ORESS 8'15 /B
ouami BAl ADORESS BUT

As

digure sullt Bynanfe RAN Controller
JO U
1. ﬁu ~ Zhthz ¢luek used to generate timing waveforms.

¢, CYCKQ « A pulse on this input initiates DRAM access
cyclas.

d. oy~ ised to extend the T pulse.
4. fimasi - Continuously refreshes the DRAT when idTing.

9. RFSH - anen high terminates continuous mode refresh.
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6. Acand Ar- Expansion memory addresses select addressed
84 Kbyte metiory bank.

7. LE - Latches the address of the memory access cycls
into the Am296d.

8. ADBDRESS BUS ~ 15 bit address of memory access cycle in
the DRAIT bank selected by Ac and A .
2. UTPUTS

| 1. R - tow qoing pulse inaicates the corpletion of a
mewory access cycle.

2. RRSo- Ruw Address Strove for DRAH benk 0.
3. KATi- Row Address Strobe for ORAI bank 1.
4. R&i32- wow Address Strobe for 9RA bank 2.

5. HASa- Kow mudresg Strebe for DRA: bank 3.

6. CASo- Loturn Address Strobe, used for all it onte,

FArmles = iE rultictured 2L addrass

The »UC contreller is the Yogical ¥ink between the DRAW and the
analeg to digital converter. When initialised by the CPU it takes
coupTete control of the #nalog to digital conversion process and the
writing of digitized data to the DRAH uncor a DA environment.

The AUC controller interfaces to the DRAIl data and address busses
through tri-state data latches.
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Figure 3.17 Analog to Mianita) Convertar Controlier block ciaaran.

Lo LwyTs f

1. AUC data bus - 12 kit data directly from the cutputs af
1 the AGC.

2. ﬁAnc(EXT) - connection for an external ADC conversion
l {sanpling) rate clock.

4. dabc ~ Internal AUG conversion clock, proqrammable by
th o

4. SIG.ueT - A pulse is generatod on this 1ine by the
analag siqnal detection circuitry, If the ADC

A controller is in the convert-standby mode when this

s pulse occurs, the system will begin analog to digital

conversions at a sampling rate deternined by ¢Anc.

[ 5. Erg - Sets the system in the convert standby mode.

51 6. Era - Used by the CPU {under user direction) to abort
an analog to digita)l conversion command.

7 EOC - when law - data from the ADC is valid.

2. OUTPUTS:
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1. HMemory data bus - Tri-state drivers onto the memory
data bus allow the ADC cortroller to disconnect from
the DRAIl data bus when not active.

2. llemory address bus - Tri-state drivers onto the memory
address bus allow the ADC coentreller to disconnect from
the DRAM address bus when not active.

o

ADC TRIGGER - Triqgers ABC conversicns when the ADC
controller enables conversions.

4. PROC/ADC ~ Indicates to syston circuitry whether the
AUC controller or the CPU is accessing the DRANI.

Analog to digital coaversions are activated as follows:

Ere is pulled low setting the AUC controller in the convert-standby
uove.  Any subsequent analoq innut sinnal will epable conversions
{via SIG.IET) - analyg to digital conversicns execute at a samnline
rate detarined by A TIIGHEM. The UMY car avort a conversion via
[T

£0C is generated By the AJC after cvery conversion (uhen diaitized
data is valid) anu used to latch the data and control the outputs of
the address and data bus drivers - then to gencrate & DRAN write
cycle [via tne DRAt contreller). EUC is also used to increrment the
address counters so that diaitized data 1is written to scauential
addresses i DAL :

3.4.9 Serial Input/tutsut

This unit has two Asynchrencus Communicatians Interface Adaptors
(ACIAs) interfaced to two RS-232 standard data drivers Facilitating
serial conunication between the user terminal, the host computer
and DASHA.

A baud-rate clock generator i3 provided and is programmable by the
M3
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Figure 4.13 Serial Input/Sutput Intarface. i

1. InpuTS :

1. CPU DATA LUS.

2. yﬂ: - LP¢ phase two clock, enables gdata latches in tne
AClAs.

| 3. R/T - CPY rrad/write indicator.

4, Pow - 150 Kiz clock used by the baudrate gemerator.

§. User RS-232 -~ serial data link with the user terninal.

6. Host HS-232 - serial data Tink with the host computer.

7. Feo throuqn Eg, - control lines used to enable the
baudrate qenerator data Tatch and the various ACIA
functions.

2. WUTPUTS
1. CPU DATA BUS.
i 2. User R$-232.

3. Host RS-242.
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3.4.10 Analog Signal Interface

This unit interfaces the analog to digital converter to the audio
source. It consists of:

1. an first-stage input preamplifier of variable gain 0-14 df,
2. a second stage amplifier of fixed gain of 27 d8,
3. signal detection circuitry, and

4. a bargraph peak level indicator.

vAmIELE GAIN
POE-AMPUFIER (0v14g3)
A0l et ¥ 5 EXTEANAL ANTr =

! AUASIRG FITER.

aupuiEa
(z768)

L

sRECITIN
FecTIFIER

—

omiven

BARaRAPH
Figure 3.14: Analog Interface circuitrv. The audio sn‘urce connects
to the first stage ampiitier whose output must be connected via an
external anti-aliasing Filter to the input of the second stage
amplifier,
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The output of the second stage amplifier drives the ADC. This
output s also ractified and fed into the bargraph driver and the
signal detect sircuitry.

The signal detect circuit consists of a comparator which aenerates
SIC.DET when an input signal above 0.3 volts is detected.

The Largraph provides an indication of the peak level of the audio
input to the ADC. The input signal should not exceed 75% of the
waximm displacement of the bargranh - the analog siqnal to the ADC
is then maintained within the ceorect linits.
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CHAPTER 4

SYSTEM SUFTWAKE

This chapter introduces the FORTH programming iznquage. The desinn
of the test, operating and naintenance software is flowcharted and
presented in a Progran Oescription Language (PDL} as high-level
docurientation.
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4.1 Introduction to FURTH

FuaTH is best descrived as a proaraniing-environzent vecause it has
all the functions of:

1. a high-leve) programning lanquage,

2

an assembler,

3. an operating system,

4. a system developrent tool, and is often referred to as
5. a mental illness.

The FORTH environment can operate at anv of these levels denending
upon the needs of the user.

Standard implenentations of FURTw nrovide a high-Tevel proqrarming
tanguage with structurec programing constructs and a rachine level
FusTH-based assmaler.  These Jde  not  divectly pravide  for
nuuber-crunching operations.

FUKTH prograis are stored 4s words in a vocabulary. A word
{program} is executed by typing the word in at the keyboaru of the
user terminal. The FURTH vocabulary 1s expandable - built up by
creating new words as combinations « other words already existing
in the FOKTH system vocabulary.

FORTH aliows intimate programmer/processor interaction Ly including
machine-level  prograrming constructs in  the standard FORTH
vocabulary and the FURTH-based assembler which simulates that of the
host processor. Prucedure calls between high-tevel FORTH and
low-level FORTH-asserbler routines are implemented by passing
parameters between the FORTH parameter stack and a storage area
accessed by the accumulator during FORT Ter level routines.

itigh~level FORTH programs are typica ed as words in the
vocabulary which descrive thefr fu...un. A program can be
constructed of a string of words describing the action of that
progra.
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For example - 2 process controller may requlate the temperature of a
plant by controlling the flow of 2 coolant through a radietor system
by:

BLGIN
TESTENP
IFHOT
TAPOR
IFCOOL
TAPOFF

AGAIN

where the words TESTEAP, IFHOT, TAPOM etc. are 211 pre-defined
FURTH words in the control systems application software. BEGIN and
AGAIH are standard FORTH constructs which dmolenent ar infinite
Taop.

Good FURTH programmina practice is to develep small simple words.
These words are easilv debuyoed using the FGRTH internreter, and are
then corpited together as Rian-level words under a nauve describina
tae coupoesite function of the arccadures. In the above exannle the
string of words could ve curpiled under one werd - COUTROLTENP.
Subsequent execution of the proaran is by sinply tvping CONTROLTE P
at the user teruinal.

FURTH facilitates an ideal dev . tent environrent for small
sricroprograrged  systuns. The system code as well as compiled FORTH
cude is extraiely compact. The enti.o FORTH system can reside in ok
of KU+ and a typical application progr+m in another 2k.

4.1.1 The FURTH Interpreter and DASHA Software

FORTH inherently operates as a Conmand Line Interpreter (CLI)
through the FURTH word INTERPRET, which picks out words from an
input stream, finds their definitions in the FORTH dictionary, and
executes them.

DASIiA issues a sign-on nessage to the user terminal when reset, or
when ESU is pressed during execution of systen software. The
wessage is in the form of a menu of user functions - promptina the
user with the DASHA system functions. These words allow the
execution of data capture and transfer - by typing the required word
at the user terninal {see appendix D).
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High-Tevel use of the system is in response to the menu-functions.
At 2 low level the user can use the FORTH interpreter and conpiler
to develop turther systern software. Flowchart 1 on page 4-7
illustrates a simplitied working of the DASHA text interpreter under
nornal eperation.
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4.2 Program Description Language

Flowcharts are provided as conceptual cescriptions of the software
functions. Associated with the flowcharts Program Description
Language (POL) programs ars provided. The system code is listed 1in
appendix E.

A PDL s useful for developing and documenting software, [t
provides a “structured-english® description of the software
functions. The POL used here obeys programming constructs based on
those proposed by Young [19].

Translatien from PDL to FURTH is simplified by dmplenenting the
FORTH parameter stack as a POL data-structure. The PDL and its
structures are dealt with in appendix .
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4.3 Software Oocumentation

The system software is described on four functiotal Tevels:

1. System Bootstrap Routines.

2, Utility Routines.

3. Test Routines.

4, User Software.

PAGE 4-6




SYSTEW SUFTWARE: PAGE 4-7
Software Docurentation

Initiaiina system verisbles
Indtiaine syam o
Prt sign < on messsse fuser =

(s atring in sy ot tha
yatam vocabulerias

Ervcuts the word

Can 1he string ba iotarpreted
'an o numbar

*

|

Put the mumbar o the FORTH
pacametsr A1nch

l |

FLUNCHART 1: The FOKIH Tireaved luterpreter and DASHA  operating
systen (S}, STAKT indicates a power-up or systen reset.
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4.3.1 System Dootstrap
The bootstrap routine initializes the ALl 65 FORTH ané confiqures it
to match the UASHA hardware, it is written at assenbler level ond
incluces

1. initialisation of system variables,

2. finitialisation of I/0 mechanisms,

w

systen dependant I/0 routines, and

4, interrupt service routine.

4.3.1.1 bSystem variaples - See PUL Jistina.

“.3.1.2 /0 Initialisation - See POL listing.

4.4.1.3 Systes Depemwant 1/0 - The FOUTR inverpreter cormmwntcates
with tne wuser via four I/U routines whicn nan tne FORTH /0 into
tnat of JASH.

FURTH 40RO ASSELER ROUTINE
KEY  -- ENTERH
ERIT - CUTERH
TTERNIHAL TERCHCK
CR CRLF

These routines are patched into the AL 65 FORTH and point to the
corresponding assempier routines indicated above.

1. KEY - Leaves the ASCII value of the next key depressed at
the user terminal on the stack.

2, ENIT - Transmits the ASUI! encoded character on top of the
stack to the user terminal,

3. ?TERMINAL - Tests the user keyboard for actuation of any
key and veturns a true flag if a key is depressed.

4. CR - Transmits a wacriage return and line feed to the user
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terminal .

Cheractar = €56

X7 4ne partorm &

FLUWCHART 2: KEY - user terninal input routine
(input-~from~user-teminal ).
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~

T ataex
} Trasamu AuBOUT

| |

@

FLUKCHART  3: ELIT - user terminal output routine
{output-to~user~torminal).
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Puen 1 onto FOATH parameter sack

Puen 5 onto FORTH pararmeter atack

FLUWCHAKT 41 2TENGINAL - user terninal activation detect routine
{terninal-cneck) .




SYSTEH SUFTWARE: PAGE 4-12
Software Documentation

Push CAARIAGE RETURN onte
stack

Push LINE FEED onto ataek

FLOWCHART 5: CR - issues carriage return Tine feed to user terminal
{carriage-return}.

4.3.1.4 Interrupting the CPU - Is necessary when the CPU is not
fast enough to receive a continucus string of characters from the
hest computer under program control. A 256 character cirgniar queue
is used to buffer the character stream. .

The queue is written into by tne interrupt service routine when

1. the CPU interrupt mask is cleared,
2. ACIA 2 (host serial 1ink} IRQ is enabled, and

3. when the host transmits serial data to ACIA 2.
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The queue is supsequently read under progran control.

butte-1 (Q700H)
i, —
} Cantanta ohauece

FIGURE 4.1: Circular queue used as a 256 character buffer on the
nost serial link.

The queue starts at machine address O7CUH and uses 3 bit pointers -
providing 256 locations folding back at address Q7FFH.

KPT1 - address of next datum to be read
{read-pointer).

WPT1 - address at which next datum will
be written {write-nointer).

CHTL ~ number of data bvtus in the nucue.
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INTERRDOT
RequEst
Puah secumulolor pnd t=cvgiotar

i sy

Witta charater 1o sufter 1

Counrets ¥ Cuuntor 11

RETURN FROM
INTERAOT

FLUACHART 3: Interrupt Service Routine.

4,3.2 Utility Routines

Utitity software constitutes the routines necessary for the
inplementation of high-level 1/0 functions:

1. Input of ASCIL cuoded nunierics from the user terminal.
2. Dumping object code to an intelligent prom programmer.

3. driting and reading 12 bit data to and from the DRAI.

The utility module contains the FORTH definitions ‘tisted in table
4.1,
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1 FORTH dictionary I PDL procedure name I
I entry 1 1
I I 1
I I 1
1 IN-1 I in-x {x=1) 1
I IN-2 I in-x {x=2) I
1 It-3 1 in-x (x=3} I
I IN-4 I in-x (x=4) 1
1 0/7p 1 dran-write 1
I1i/e 1 drau-read 1
I SETYP I setup-acias 1
1 BAUDRATE I get-baudrate 1
1 STAT-1 I status-1 1
1 STAT-2 I status-2 1
T UUTREnD 1 out-renote I
1 IHkER 1 in-remote 1
I ASC I byt-ascii 1
1 ASLuLT 1 word-ascit-out I
I BiLP I durp-object 1
1 H 1

TABLE 4.1: Utility FORTH system words and their PDL

procedure nares.

PAGE 4-19
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Terminat = edecx

Ioput. aharactar

Appand charactae 1o sring

Lot Kiring 1018 cumerccsl
alun end pueh onia paramele
ok

3 {in-x},

PAGE 4-16

FLUWCHART 7: Input of ASCI! coded numerics from user terminal
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~ addtess and ento
rom user Lerminel
na e

Wat AGIAZ far 1200 no paniy
xertal cammunication.
L HP 04000 ~ navt}

"qacatd «ned"” ta host

Tnarmit GLANK fo bost

Transmil contanie of
slart - agaresy

Start - audress +
et e nddrons v 3

FLUWCHART 8:

OUMP - Dump object code under ENQ ACK protocel (dump).
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4.3.3 Test Routines

The developrient of DASHA initially centered on the design of the
dynartic  RAis - extensive menory testing was required to verify the
reliability of the DRAM and 1ts controlling circuitry. The
requirenents of the umemory test routines were based on the
following:

1. Data is alwiys written to the DRA at sequential address
Jocations by the AL contraller after each amalog %o
digital conversion.

2. Data is always read from sequential address locations by
the CPIL

The test proceeds as follows:

1, Date is written into the DRAM - setting sequential bit
cells at sequential ORA; Tecattons beginnina with the first
bit of location OUUCH, je:

QULL s written to address O0UOH

0024 is written to address vUULH

U04H {15 written to address 0NO2H
etc.

2. Tne data is read back and verified.

3. Step one is repeated, except that the next bit cell of
every byte 1s set and the others reset, ie. the first
operation sets the second bit cell of location one by
writing OUZH to address QUODH.

4, This is repeated until all sequentfal bit cell patterns
have been tested ard veritied.

5. Appropriate messages convey the number of errors detected
and the status of the test procedure.
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T FORTH dictianary 1 PDL procedure name I
I entry 1 1
1 1 1
1 1 1
I INC 1 increrent-address- I
1 I and-bit-ccll- 1
1 1 pointer 1
ITi I write-test-pattera [
172 I verify-test- I
I I pattern 1
I pENTEST 1 memory-test 1

TABLT 4.2: Test FORTH system words and their POL
procedure names.

nemTest

addrans = adsrend o1

duiange go0d W

aHn=0eat 1

FLOMCHART 9 INC - Memory test

(inereaent-and-test-bit-cei1-painter).
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Sasaage on user lerminel
SYEST pATTEAN WaiTE*

address  » AAOSH
Owtt f x Paeod

Write duts 4 4t
address n DRAM

Incramand a0dreds ana teet
But_co pototac

Meseagor on cier teemmal
TEST PATTERN VERIFY®

Ben et datn

7

ot (minat
Data 1 end sdrans

Pt FAGS < 7 et
Prinl * BRRORS »  urrom

FLUMCHART 1U: RFHTEST - mosiory tesi (memory-test).
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4.3.4 User Routines
User software includes all those routines necessary to execute
analog to digital conversions and then transmit the data to the host
computer under program controt. The main routines include:
1. Terminal simulation - DASHA is used as a dumb terminal to
allow zhe user to communicate directly with the host
camputer.

2. Analog to digital conversion is controlled by three
routines:

1. Initialisation of the sampling Frequency.

2. Setiing tre system into a convert-standby mode -
subsequent analog input triggers the ADC.

3. Aborting the conversion.

w

Graphically exaninine the acnuired data.

-

Transrission of digitized data to the host computer.
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1 FORTH dictienary 1 PUL procedure name I
T entry 1 I
I I T
I L 1
1 TERSIH 1 terminal-simulationI
1 conp I convert-twelve- 1
1 I w-sixteen-bit~ I
1 1 two's-complement I
el I ¢alculate-plot- 1
I I position 1
Ir2 I plot-on-sreen 1
I PLOT I rougi-plot 1
1 SArP-FREQ I set-sampling- I
I 1 frequency I
1 1HIT-5A4P I initialize- 1
1 I conversions I
1 RESET-SAdP 1 aport-conversions 1
I uet 1 prutpt-hast {
I up2 I wait-for-preupt 1
1 UPLOAD I uplosd-to-host 1

TABLE 4.3: User FURTH system words and their PUL

Procedure nanes.

PAGE 4-22
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(028 chaacter trom butter = 1

439 charactar from dutter « 3

Character u e-mn?

FLUAHART 113 TEadLi - {teruinal-siuulation),

1
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Gat star = guirans lrom vanr

Start - sddrave « stanadarons o t

¥

Rasd DRAM >ets wosresand
by atart=asorese
Catcutate soraen soordinates

no aharacta
nar vertseal scraen

FLUWCHART 12: PLUT - rough piot on user termingl {(rough-plot).

T
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€0 = addrase » Sarie adress
. mptes

Tranemy *UPLD" te noat

Wart tor prompt < =2" Jrom host

Rasa 10 data words i
DAAM at om
hart a4

Convert date ta an ASCH
ancoded BASIC date siing.

Tramsmit dula #1sing lo heal

Starteadaress s aart adreas ¢ 10

Teonam T4

[+ Tranemit CARRIAQE RETURN

FLOWCHART 13: UPLOAD - formatted data to host computer (upload).




SYSTEH SUFTWARE:
PUL 1isting

4.4 PuL Implementation of DASHA Application Software
SYSTEW DASMA Application Software

TYPE data-pointer: 16 big;
address-pointer: 16 bit;
data : 16 bit;
address: 16 bit;
stack: 16 bit;

VAR (d0: data-pointer} := GOOCH;
(d1: data-pointer) := 0OUGH;
{errors: data-pointer) := OUDOH;
{pass: data-pointer) ;= QUOLH;
{no-samples: data-pointer) := 0U14H;
(maxinum: data-pointer) i= QSUUH;
(ninimun: data-peinter) := FB00H:
{no~-colunns: data-pointer) := QU41lf;
{pusition: data-pointer) := OUUOH;
{axis: data-pointer) := QUOLH;
(sauple.clock: data-pointer) ULLUH;
{baud-clock: data-pointer) := UuDGit;
{stat-1: gata-pyinter} := YuluH;
{stat-2: data-rointe LUK
(sat-1
(dat~Z: data-pointer) :
(counter-1: data-pointer)
{counter-2: data-pointer) := QUUUH;
{read-pointer-1: data-pointer) = QUUUH;
{write-pointer-1: data-pointer) := GUUUH;
(escape-flag: data-pointer) := GOUDH;
{address-from: arddress-pointer} i= QUUOH;
{address-to: address-pointer} := QCULH;

COMST buffer-1 : address;
buffer-2 :address;
read-data-register: data-pointer;
write-data-register: data-pointer;
address~register: address-pointer;
control-register: data-pointer;

PAGE 4-26
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PRUCEDURE input-output-initialisation
L ]

Linitialises LPY, sets baudrate gqenerator at 2400)
Lbau¢ default, initiatises AC1A's For 7 character)
Lhalf-cleck rate, no-parity check - communication]

BEGIN
initialise machine stack to OOFFH
clear decimal mode
set nterrupt mask
baudelock := QUDAH
stat-1 := stat-2 := OOFFH
stat-1 := stat-2 := OQUZ2H
EHD

PROCEDURE input-fron-user-terninal
]
QL PUTS: stack

BEGIH
REPEAT
o hothing
UNTIL [rx-register-1 flag set]
read character from rx-register-i
IF fenaracter = ESC)

THCN
exit and perform a warm start
ELSE
stack i= character
EHDIF
END

PAGE 4-27




e

SYSTEM SOFTWARE:
POL Tisting

PRUCEDURE output-to-user-terminal
1
INPUTS: stack

BEGIN

REPEAT

do nothing
UNTIL [tx-register-1 empty flag set)
IF [stack = RUBOUT)
THEH

IF (infoton flag is set)

THEN

send infoton rubout sequence

SE
send RUBOUT
ENDIF
ELSE
send stack
EKDIF
EiD

PRUCEDURE terninal-check

[**i*x*ﬁ**w****k******]

{Checks far actuation of any key at the user 1
[terminal. If key has been depressei returns a ]
[TRUE flag on the FORTN parameter stack.

QUTPUTS: stack

BEGIN
IF [rx-reqister-i fiag setl
THEH
stack =1

stack
ENDIF
ENU

PROCEDURE carriage-raturn
[******H******k**ﬂ****]

[issues a carriage return - 1ine feed to the user]
[terminal.

BEGIN
stack := CARRIAGE-RETURN
output-to-user-terminal
stack 1= LINE-FEED
output-to-user-terminat
END

PAGE 4-28
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PROCEBURE interrupt-service
t*i{*********-k***********‘k*]

[on the condition that: 1
[ 1. CPU interrupts are enabled, 1]
[ 2. ACIA-2 interrupt is enabled, and ]
[ 3. ACIA-2 receives a character ]
[the flow of program execution is halted, and 1
[this routine writes the data in rx-register-2 tol
[buffer-2.

BEGIN
push accurmulator onto machine stack
push x-register onto machine stack
read character from rx-register-2
. (D700 + write-pointer) := character
%\

counter-1 := counter-1 + 1
pull x-regisier from machine stack
pull accunulator from machine stack
return from interrupt

END
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wiuli etility

CEFIHE n-1; in-2; 1n-3; in-4;
dram-write; dram-read;
byte-ascii; word-ascii-out;
dusip;

PRUCEBURE n-x

§ wHRRR Rk )

seads x ascii encoded characters from the user ]
(terminal and stores then as a string in a FORTH ]
[storage area called Pad. After x characters have]
(been input, or the imput strean is terminated ]
[with a CARRIAGE-RETURM, the string is converted ]
v its numerical value in the current nurber 1
[pase and the salue is olaced on the FIRTH ]
{parameter stack. 1

uTETS: stack(l)

w4l
create @ null string called string
AHILE 1 UT = x DU
terninal-cieck
input-~from-user-terainal
IF lsvack NUT= CAGRIAGE-RETURN]
THEN
append stack to string
E

i
ENUIF
EHU
convert string to numeric
stack := numeric
ki

PAGE 4-30
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PODULE utility

DEFIHE in-1; ine2; in-3; in-4;
dram-write; dram-read;
byte-ascif; word-asiii-out;
duip;

PROCEDURE {n~x

[ramsmmiik]

{Reads x ascii encaded characters from the user ]
[terminal and stores then as & string in a FORTH ]
{storage area called PAD. After x characters have]
{been input, or the input strean is *irminated ]
{with a CARRTAGE-JETURM, the string is converted ]
[to its numerical value in the current nurber ]
{base and the value is placed on the FORTH 1
{parameter stack. 1

CUTPUTS: stack(1)

LEGIN

create a null string called string

HHILE 1 NOT = x BU
terminal-cneck
input-frof-user-terrinal
F Lstack HOT= CARRIAGE-RETURN}
THEN

append stack to string

ELSE

i
ENRIF
ENO
convert string to numeric
stack := numeric
EHD

PAGE 4-30




SYSTEM SOFTHARK:
POL listing

PHUCEDURE dram-write
[xkikesiokirkonk ko] ©
(uy writing data, address and contrel information}
[tu the write-data-register, oddress-register and]
[tne control-register, a dynamic RAi4 write cycle ]
[is executed by the DRAW controller hardware. 1

INPUTS: stack(2)

BEBIY
(write-data-register) ;= stack
(address-register) tack
{control-register)

£

PRUCEDUKE aran-read

[*****ﬁr****tx***w*]

[uy writing aduress anu gontrol information to |

Lwne audress-reaister and tne contrul-register |
J
]

Lthe Ukat controller harévare executes a Ui
Lread cycie.

LipuTS: stack({1)
wuTPuls: stack{l)

BEwLl
{address-reaister} := stack
{control-reqister} i= 2
scack := (resd-data-register)
Eny

PRUGRAM dusnp

LEEmwRaEmex )

LAllows dumping of opject code from CPU kail over }
La serial data 1ink to an intetligent prom
Lprograumer under an EMQ ACK protocel. The object)
Lis converted to ascii and formatted as an object})
Lfile generated on the HP 640UL system. 1

IBPUTS: user terminal prompted

PrUCEDURE setup-acias

{ Hrn kR R |

LSets up acias for 1200, no-parity serial 1
Leomwaication with the HPGAUUD.

BEGIH
baudclock = ASH
stat-1 := stat-2 := UZH
ENp
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PRUCEDURE ourt-remote

Ikt ikreR R Rk |

INPUTS: stack(l}

BEGIN
REPEAT
do nothing
UNTIL LTx-register-2-empty flag set!
{data-2} = stack
END

PRUCEDURE in-remote

R |
UUTPUTS: accumulator

4ESIN
KEPEAT
do nething
UNTIL [Rx-register-2 flag set]
accumator := {data-2)
3{4)
PRUCEUURE ascii
g [k aricaRIoRs |
HPUTS: accurwmlator
OUTPUTS: accurwlator

BEGIN
IF Laccunulator < UAH)
THEN
accumulator = accumulator + 304
ELSE
accumulator := accumulator + 36H
ENDIF

END
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PRUCEDURE word-ascii-out
[*********1{************]

IHPUTS: stack{1)}

BEGIH
dupstack
stack := stack AND FOH
stack := stack / 108
ascii
out-remote
stack := stack AND UFH
ascii
out~rencte

£ND

END #ODULE utility

PAGE 4-33




SYSTE4 SOFTWARE:
POL listing

HODULE test

DEFINE increment-addross-and-test-bit-cell-pointer;
write-test-pattern;
verify-test-pattern;
memory-~-test;

PROGRAH mlerory~test

[******-k*****t****]

{A walking bit metwory test routine fs executed ]
{on the Dynamic RAM. The test verifies correct ]
{operation of the DRA# under sequential read and ]
[write conditions and issues the appropriate ]
[messages to the user terminat. 1

INPUTS: user terminal prompted
UUTPUTS: test status fnformation

PRUCEDURE increment-address-and-bit-cell-pointer

BEGIH
adrg adrd + 1
I¥ (dU=8u0H]
THEN
au = 1
ELSE
0 =gl + 2
EhE
EnD

PROCEBURE write-test-pattern
[ricksrktr b o]
BEGIM

print "TEST PATTERN WRITE"

adrQ 1= 0

REPEAT

dram-write
increment-address-and-bit-cell-pointer
UKTIL [adrC = FFFFH]
END
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PROCEDURE verify-test-pattern
[************************«k**]

BEGIN
adrd := 0

IF [d0=d1]
THEN
increment-address-and-bit-cell~-pointer
ELSE
errors := errors + 1
PRINT dO
PRINT adr0
L. increnment-address-and-bit-cell-pointer

Enp
| VATIL [adrU=FFFFi]
I, PRINT "pASS" pass "COWPLETE" errors "ERRON™
: Ely

BEGEd
errors = 0
pass := 1
4l =
adro := 0
REPEAT
d0 := dl
write-test-pattern
dc = dl
verify-test-pattern
di = 2%d1
pass = pass + b
UNTIL (d1=10001]
END

END (ODULE test
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HODULE user

]

LDEFINE  convert-twelve-to-sixteen-bit-two's-conplenent;
calcutate-plot-pesition;
plot-point-on-screeen;
rough-plot;

PRUGRAM rough-plot
rw R R |
LA rough plet of the data in DRAi is output on ]
{the user terminal. i

PRUCEDURE convert-twelve-to-sixteen-bit-two's-complement
L i

IHPUTS: stack(l}
QUTPUTS: stack{1)}

BEGIN
dupstack
dU 1= stack AND BOJH
IF Ldu=u0us )
ThEn
stack := ~{{stack X(R FFFFH) + 1}
Eho
END

PRULEUUKE plot-paint-un-screen
[***w*********’!‘iw*ﬁx’r*** LAt J
LEGIK
FOL 4 15 1 TU cols DO
CASE 1 UF
positiont PRINT "*"
axisy PRINT "1
SE

PRINT * ¢
END

END
END
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PROCEQURE calculate-plot-position
L ]

BEGIN
FOR 1 := 0 TO no-samples DO
stack := adrQ + 1
dram-read
convert-twelve~to-sixteen-bit~two's-complenent
di := stack
position := ({d0 - {min-value)} * {cotumn-no})
/ ((max-value} - {min-value)}
axis := {(0 - (min-value}! * {column-no)}
/ ((max-value} « (min-value})
ptot-point-on-screen
Et
EuD
LEGIN
PRINT "START AUDRESS"
in-4
adry := stack
KEPEAT

£l

catculate-plot-position
adry := adru + {no-sampies)
PRINT "tRg™

in-1

UHTIL [stack := "u"}
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PRUGRAII terminal-siwulation

[********k**********'k******]

[The DASHA systew ¥s wade to look transparent, ]
[altowing direct coumunication between the user ]
[terminal and the host computer. £xit from this ]
[program is by typing control-A, contro)-E at the)
{user terminal. ]

BEGIN
enable CPY and ACIA 2 interrupts
IF [counter~! HOT= O]

THEN
IF [tx-register-l-empty flag set]
THEM
stack := {buffer-1 + read-pointer)
{data-1) := stack
counter-1 := counter-1 - I
read-pointer := read-pointer + 1
LLDIF
Erulf
If Lrx-register-1 flag setl}
Titeb

stagk := (data-1j
(outfer-2) t= stack
counter-2 i= counterZ + 1
ENVIF
IF Lcounter-2 iwt= v
THEN
IF Ltx-register-2-evpty flag set]
THEH
IF (escape-fiag = 1)
THEN
stack 1= (butfer-2)
counter~2 i= counter-2 - 1
IF Lstack = control-E)
THEN
escape-flag i= escape-tlag ~ 1
E

{data-2) := control-A
escape-flag := escape-flag + 1
ENDIF
ELSE
stack := (buffer-2)
counter-2 := counter-2 - 1
IF Lstack = contro-1A)
THEN
escape-flag := escape-flag - 1
E

{data~2} i= stack
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ENDIF
ENDIF
ENDIF
EnDIF

UNTIL Lescapn-fiag = 0]

END

PKOGKAM uptoad

|wnwrnmann |

{This routine comnunicates directly with an OEPS |

{routine {uplemented on the Cata General ECLIPSE |

Lin 8ASIC. OLPS nust be waiting for

[response to its CusE ? prompt, the response is

CUPLu. The routine commences to uplioad user

{specified number of dats bytes from the DRAN

{to a BASIC data fite specified on the ECLIPSE

{oy the UEPS routine FILE.

[P

PRUCEDYRE to-host
[raxmmmkrinxon ]

INPUTS: accumulator

BEGIN
REPEAT
do nothing
UHTIL [TX-register-2-erpty flag set]
(data-2) := accunulator
Equ

PRUCEDURE read-host
[***k**i**w*ﬁt*****]

GUTPUTS: accumuiator

BEGIN
accunulator := {read-pointer + huffer-1}
countter-1 = counter-1 + 1
read-pointer-l := read-pointer-l + 1
END

PROCEDURE transmit
[****************]

INPUTS: stack{l}

BEGIM
accurutator := stack
to-host

END
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PROCEDURE ascii-ajust-transmit
[kt otk Rk |
[Converts a two's complement decimal mumber to
[its ascii value and transmits it to the host

INPUTS: stack(1)

BEGIN
dupstack
IF {stack< U}
THEN
stack := "."
transmit
ENOIF
stack /MUD 1000
stack + 43

stack /10D 100
stack + 48

stack /HOU 10
stack + 44

transnit
END

PROCEDURE prompi-to-host
[rsionniick ook an
BEGIN
stack := "U*
transmit
stack := "p*
transnit
stack := "L"
transmit
stack := "D"
transmit
END

1
1
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PRUCEDURE wait-for-host-prompt
[*'k***k********ur******w****w*]
BEGIH
escape-flag ;= 2
REPEAT
IF [counter-1 NOT= 0]
THEN

IF [e~ ~flag HOT= 1)
THEN

read-host

IF [stack = * *]

ascape-flag := escape-flag -~ 1
SE

escape-flag (= escane-flag + 1
ENDTF
ELSE
read-host
1F [stack = "?"]
THEN
ascape-flag 1= escape-flag - 1
ENDIF
EHNDIF
EMDIF
unTIL {escape-flag = 0]
EHD
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BEGIN )
print “HEX STARTIMG ADURESS®
in-4
adrt 1= stack
print "HEX NUNBER OF SAHPLES"
in-4

adrl i= adrQ + stack
send-prosipt-to-host
REPEAT
wait-for-host-prompt
FOR § := 0 T0 9 DO
stack := adr0
dram-read
ascii-adjust-transnit
adry s= adrd ¢ 1
stack
transmit
End
IF (adrd > adri]
THEN

apw

“carriaqe-return®

t
g
ELSE
stack := "¢"
transait
stack := "carriage-return”
transnit
stack = 1"
ENDIF
WTIL [stack = 1]
terniaal-situlation
END
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CHAPTER §

TONE ANALYSIS AND ASSESSHENT

The apnlication of Fast Fourier Transform (FFT) techniques to the
analysis of selected musical tenes and an assesswent of the results
tnercof is presented in tnis chapter.
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5.1 Review of the Analysis Requirements
The state of current research in music perception, analysis and
synthesis s outlined in chapter two.

Frequency domain representations of musical tones are seen to
provide insfght into the relationship between the harmonic evolution
of nusical tones and the resultant timbral effects.

The Titerature reveals two important factors:

1. Natyral instrument tones exhibit time varying partial
structures which to be accurately represented must be
observed at intervals not greater than 3ms.

2. The ear takes a finite time to process toese sounds. This
time is equivalent to an integration time .’ about 5Cms.

The 3ms perturbations in tne musical tones are thus considered
unimportant in the perception of the tones. To graphically
represent the tone-descripiion parsmeters, with the intention of
subsequently using these parameters to synthesize musical ton. , an
average value over every 50ms time interval is sufficient. Grey
[101 has shown that a line-segment approximation to the temporal and
harmonic varfstions of the original waveform is sufficient for
synthesizing data -roduced tones,

Graphical representations of eacn tone are presented in four
different forms:

1. Amplitude-time plot - showing the cnvelope of the complete
waveform analysed {ampTitude vs time).

2. Time-Window - showing a steady state portion of the
waveform {anplitude vs time).

3. Amplitude-time-spectrum plot - showing the time evolution
of the amplitude spectrum of the musical tone (amplitude vs
frequency vs time).

4, Harmonic-profile - showing the temporal evolution of the
anplitude of each partial tone at nearly fntegral multiples
of the fundamental freguency (amplitude vs time vs
frequency).

Note that the names appear® ig under each graphic plot refer to the
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file 1in which the data was originally stored on the host computer.
Only the instrument type is of relevance.

5.2 Data Capture

The original tones were played by musicians who were asked to play
short auratfon tones in the region of A abeve middle-C (approx. 440
Hz). The exact pitch of the tone was unimportant as the analysis
can determine the harmoenic relationships relative io the fundamental
frequency (and thus the pitch)., The analysis provided general
harmonic structures for each instrument rather than for each note of
an ipstrument.

Short duration tones, which show strong attack and decay
characteristics and a small steady state region, were sufficient for
the analysis.

The tones were recorded on a Nagra-1VY tape recorder using BASF or
SCOTCR Tow noise tape. Acoustic instruments were recorded in the
department’s acoustic laboratory using Bruel and Kjaer capacitor
microphones.  The electric and electro-acoustic piano were recorded
directly via their line outputs.

The soungs were digitized and transferred to BASIC data files on the
ECLIPSE using DASMA.

§.2.1 Digitization Conditians

Sampling frequencies and Fourier record lengths were determined from
the characteristics of the tone under amalysis. For an Nepoint
transform of a waveform of maximum frequency Xw sampled at Fs Hz,
the time duration of each window of analysis was T=N/Fs seconds.
The froquency resolution of the resultant spectrum s 1/T Hz.

It was assumed that a waveform contained 2 maximum of fifteen
dominant harmonics. Therefore the sampling frequency was based on
the Nyquist rate of the fifteenth harmonic of the original waveform,
ie 2x{15xXw}. Analysis window lengths were chosen according to
these resolution requirements. A Kron-Hite second order Tow-pass
filter was «.ed to remove components above the Nyquist frequency
from the original tone.




TONE AMALYSIS AND ASSESSMENT PAGE 5-4
Signal Analysis

5.3 Signal Analysis

The software used in the following analysis s documented in
appendix €. The relevant macros which performed the spectral
analysis and provided graphical plots were:

1. MACSTPLUT - which plots a selected portion of the time
waveform.

~

HACSSPEC - which applies a fourier analysis to successive
windows {of N peints length) of the time waveform.

#ACSSPLOT - which plots a three-dinensional plot of the
arplitude-time-spectrum computed by MACSSPEC.

<

S

FACSHAR - which uses a cepstrum techniaue to determine the
pitch-period of tne tirme waveforn (from the Fourier soectra
resulting from [ACSSPEC) and usina the nitch-period
information calculates the amplitude variation of each
partial fraouency of the time waveform.

5. JACSHPLUT - which nlots a three-dinensional harmonic
spectrun of the data computed by #ACSHAR.
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5.4 ubservations and Conclusions

§.4.1 Clarinet

The temporal evolution shown in the amplitude~time plot exhibited
the characteristic slow attack of the clarinet waveforn. This s a
manifestation of the mechanical construction of the dnstrunent anc
is attributed to the slow build up of the air column in the acoustic
tube wnen excited by air blown past the reed.

The fundarental co’munent showed the highest eneray content.
explains the wrient  clear sound of the instrument. .
ampti tude-tive-spactrum plot and the harnonic orofile showed a
suppression of the even harmonics. This is characteristic of a pipe
closea at one end {apnendix J).

The steady state portion of the wavetarn existe! only when the
excitation was protonged, and showed steady nartial amplitudes until
the excitation was reroved. The decay showed constant partial
aplitudes and a stowly decreasing tufamental anplitude relative to
these partials. Then a ropid decrease in all partial activity - the
nigher  frequency partials decay more rapidly than the Tower
frequency partials.

5.4.2 Acoustic buitar

The guitar wavefort was that of a plucked string and showed a faster
attack than the nlarinet. The peak amplitude was reached in about
efgnt cycles of the excitation wavefora, The excitation was in the
torm of an impuise and not prolonged like that of the clarinet. The
guitar therefore did not exhibit a steady state region.

The partial structure depended on the intensity of the string being
plucked, and showed energy at all opartial frequencies at
near-integer nuitiples of the fundavental.

Three bre kpoints existed in the decay portion of the harmenic
profile. Immediately folluwing the attack, a rapid decrease in Tow
partial energy was seen. The partials decayed slowly, the
fundamental decaying faster than the other partials. Then a rapid
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decrease in all harmonic activity - the higher frequency partials

decayed more rapidly than the Jow frequency partials.

eLITIE i
] |
AL | TIKE

TLARE = AMPLITUDE<TINE PLOT OF ARALYSED YAVEFORM

ot

TIHE
CLARS = AWPLITUDE-TINE PLOT OF 1824 SAWPLES

Figure §.1: Clarinet amplitude-time waveforms.
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CLARE = CLARINET AMPLITUDE-TINE-SPECTRUK
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i

CURL - CLARINET HARGHIC PROFILE TINE

Figure 5.2: Clarinet amplitude-time spectrum and harmonic profile,




Figure 5.3: Acoustic guitar amplitude-time wa
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GUIT2 - AWPLITWCE-TINE PLOT OF 1824 SANPLES

veferns,

PAGE 5-83




TONE ANALYSIS AND ASSESSMENT PAGE 5-9
Qbservations

AMPLITUDE

\ + L « D T . - N MPARTIAL NUNBER
GUIT2 = ACOUSTIC GUITAR AKPLITUDE-TINE-SPECTRUN

TIME

~
GUIT2 ~ ACOUSTIC QUITAR HARNONIC PROFILE

Figure 5.4: Acoustic guitar amplitude-time spectrum and harmonic
profile.
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5.4,3 Acoustic piano

The piano being a struck string inctrument, like the guitar
exhibited-a rapid temporal. attack. P

The harmonic evolution of the piano was the most complex of all the
tones analysed. It showed activity at all partial frequencies of
near-integer multiples of the fundamental fregquency. The second
harmenic was particularly strong, being Targer than the fundamental
in certain cases. This was more pronounced for Tow frequencies than
for higher frequencies, and can be attributed to the decreased
acoustical coupling between the soundboard and the air in the
low~frequency rdnge - dug to the relatively small
acousticat-radiation resistance. The acoustical-radiation
resistance decreases as the ratio of the dimensions of une vibrating
surface to the wavelength decreases.

The pianc showed no steady state harmonic region, and the relative
epargies in the partials decreased more rapidly with increasing
partial frequency.

An examination of the amplitude-time-spectrum plot of PIANOL showed
that at onse: a wide spread of inharmonic partial frequencies
existed. These account for the percussive niture of a piano sound.

5.4.4 Electric Piano

' This instrument provided useful reference  information. The

waveforms were electronically generated, and this manifested jtself
in the results of the analysis.

The regularity ~f the evolution and cessation of the harmonics of
the electric piano contrasted with those of the natural instruments.
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AMPLITUDE

Y T T T :
PIAOL - ACOUSTIC PIAND ANPLITUDE-TINE-SPRELTRUN

s PARTIAL HUMEER

Figure 5.6: Acoustic piano, amplitude-time spectrum.
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Figure 5.7: Acoustic piano, harmonic profite.
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KEY3 =~ AMPLITUGE-TIHE PLOT OF ANALYSED YAYEFDRN

WEY3 ~ AWPLITUDE-TIKE PLOT OF 1824 SANPLES

Figure 5.8: Electric piano, amplitude-time waveforms.
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FREQUENCY
%
£y —
e PARTIAL NGHBER

KEYY-g - ELELTRIC PIAND ANPLITUDE~TIHESPECTRUM

e

‘\\\\\\\:::‘-~___________

TG
\ KEY3-8 ~ ELECTRIC PIANO KARKONIC PROFILE.

Figure 5.9: £lectric piano, amp)itude-time spectrum and harmonic
profile.




CHAPTER 6

PRUJELT DVERVIEW

Tne evolution of the musical tone analysis system and the results of
sone tone analyses have peen docunented in the preceding text. This
chapter evaluate the ousical tone analysis environtent which has
been cormissjoned.  Suggestions for future work {n the field of
uusic analysis ana syntnesis are also included.
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The Future of tiectronic iusic

6.1 Tne Future of Elecirenic iusic

The final avaluation of the analysis environuent will depend on its
ability to determine the tone-description parameters tu drive a
synthesis system, and the accuracy with which these parameters can
synthesize natural tiubres.

dopefully the university will continue with projects which will
"close the loop". The references should provide an adequate
starting point for any person interested in pursuing this type of
"esearch. It 1is unfortunate, however, that our present industry
does not encourare research in nusic analysis and synthesis. At
gresent nuch attention is beina naid to this subject in Japan,
dritain and America. Zut even in these countries, funding for rusic
researcn  is supplied by larme commercial cornorations - governient
funding, such as that for military research, is not nenerally
availavie. Under these conditions this research will rely on
individual interest.

6.2 Sugaestions for Future dork

UASHA provides an open-ended develenment and evaluation environnent
for digital analysis of musical tones. The researcher can uake
fgreat use of UnS.A in its ~rotetvne furi, There are nunerous
itiprovesents wiich conld be :ade to ooth the hardware and the
software. 0ASA, nowever, functions adeauately, and it is felt that
iore important work wouid be the evaluation of analysis seftware and
the developrient of a synthesis systen.

6.2.1 Hardware

The prototype hardware has proved functionally adequate. Mo memory
errors were detected over the three month evaluation period. 4When
using the Hagra IV as the audio signal source, the audic interface
supplied too much gain, and & Boss two channel mixer was used to
attenuate the input signal. The audio input can be driven directly
vy a microphone.
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Further improveuents could be nade by fncorporating VLSI circuitry
in the CPU/URA interface to replace the latching circuitry at CPU
addresses 9FFUH thry YFF7H.

6.2,2 System Software

This software allow the user a large degree of control over the
saupling and subsequ nt transfer of duca. Cosmetic improverents
could be made to enhance the user friendliness of the command line
interpreter.

6.2.3 Analysis Software

The interface witn the LEPS eanviromient bprovides access o ruch
signal processing software which, as is tne nature of 0EPS, will be
continually uparaded. DASii, in effect, can benefit from these
software revisions, ana thus with minipum effort can be kept up to
uate. The analysis prosrauas Jererted here rerely indicate the
application of Fourier transfor based spectral analysis technigues
to wusical tone analysis. The analysis software is the area which
shows greatest potential for Further investigation.

Analysis software evaluation would be rost effective if a svnthesis
systenr existed for evaluating the paraneters obtained from the
analysis. Such a system could finally iead to the development of a
stand-alone  systen performing the analysis and synthesis in
real-tine.

6.2.4 Synthesis Hardware

Additive synthesis has the advantage that only sinewave oscitlators
with amplitude controlling functions are required to qenerate the
musical timbres; thus a synthesis system can be implemented using
Timited special purpose hardware. Alles [20] describes an
oscillator useful for additive or frequency-modulation synthesis.
The oscillator uses a 16-bit arithmetic unit controlled by a 4 nhz
4-80 microprocessor. Ii is time-division-multiplexed to nrovide the
function of 32 sinewave oscillators - each with frequency and
auplitude rodulation capabilities. Each sampled-data  sinewave
partial has a saupliag rate of 32 kMz.
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This type of hardware would be invaluable for implementing additive
synthesis using the tone-description paraneters cbtained from DASIIA.

6.2.5 A Real-Time System

A major problem of current electronic wusic synthesizers s the
musician/machine interface. Popular synthesizers use a conventional
keyboard for this purpose. Attempts to extend the dnterface to
other popular instruments, such as the gquitar, have had only limited
success due mainly to tne difficulty in detectina the pitch of the
played notes. Tie most successful guitar syninesizer uses multiple
pick-ups, each pick-up covering a snall range of the instrunent's
frequency spectrum. This, however, requires the use of a specially
adapted guitar,

Asore advanced real-time pitch detection alyoritia such as a
bit-slice computation or a hardware cepstrum analysis could qareatly
extend tne musician/nachine interface by allowine anv electric or
electro-acoustic instrument to oe wsed as tho prich source. The
pitch is calculated in red]l tuiwe and the required musical tone s
then synthesized.

The analysis and synthesis techninues evaluated throunn the use of
UASH#  could tead to the construction of a dedicated music synthesis
system, which could prove to be of coumercial value for use in rusic
and film recording studios.
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Figure A.1: Dlustration of DASHA.

Al Setting the Systen up

A.l.1 Power Suppiies

Connect a 5v 3-amp regulated supply and a +12v 0 -l2v l-amp
regulated supply as indicated {a figure Al
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A.1.2 Data Links

The systew reset or power-up sets the data Tink nrotocel to 2
default baudrate of 2400 baud with 7-bit characters and one stop
bit.

1. Connect a terminal to ihe user RS-232 link via a nui)-modem
RS~232 connector, set to match the above protocol.

2. Connect a null-moden RS-232 connector to the host RS-232
tink. If the ECLIPSE is being used as the host, this is
identical to any RS-232 connector on any of the terminais.

He2 Power-Up

Un power-up LED 1 1ights un and DASFA responds with a reny of user
functions anc the the FLRTH prompt - OK. The FORTH interpretar will
then respond to any user input.

1. If LED 1 is 1it but there is no response at the user
terminal, check the data link protocol of the terminal.

2. If the host is not the ECLIPSE, or the baudrate of tre
ELLIPSE port is other than 2900 baud:

1. Type 2AucAlE
uASHA rasounus with a nenu of stendard baudrates,
2. respond with the correct input.
note that both the host and user terminal operate at the

sare baudrate, so changing the baudrate requires that the
terminal baudrate be ajusted as well,

Hoth data links should now function - if not the protocol
of the host link may be moditied by writing the correct
data {see Motorola microprocessor components handbook -
nGH3bY) to

1. User ACIA by - HEX (data) SIAT1 ¢!

%. Host ACIA by - HEX (data) STATZ C)
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A.3 Terminal Sinwlation Program

Direct communication with the host can be initiated by tyming TERSIH
- all subsequent user-terminal inputs are relayed to the host and
all host outputs are relayed to the user terminal. This node of
communication can be terminated by typing control-A controi-E in at
the user terminal.

A.3.1 Initialising DEPS

Type TEASI:

Sion on to the ECLIPSE in the usual wav. cake sure that the DASHA
airectury is avaitable. Hun single precision BASIC - this allows
increased length Fourter transforns to be used.

Type X SASICS?

Type EaTEix “inln"

Type Rin

The ECLIPSE resoonas with: CubE ?

itlow terninate tne terminal sinulation mode by ty1 9 control-A
controt-E.

A.l Data Acouisition

Connect the audio source and anti-aliasing filter as shown in Figure
Al

A.4.1 Sarpling Frequency
betermine the required sampling frequency.
Type HEX SAIP-FREQ

DASI1A responds with a smenu of sampling frequencies. Type in the
correct response.
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A.4.2 Audio Level

Turn on the audiv source and check that it does not cause the
bargrapn to exceed 75% of its wmaxiuun value. I¥ it does the input
signal can be attenuated via the level control {figure A.1).

Type INIT-SAMP

DASI#A i3 now set in the convert-standby mode and will sample and
save analog information following any -input above the threshold
voltage, and will continue saupling until 64 k memory is filled or
the conversion {s aborted by typing RESET-SANP.

Note - when LED 1 (figure A.1} is not 1it the system is sampling
data and storing it in werory. Bo not carry out any operations
whicn use the DRA untit this 1ign. is 3it; otherwise the data will
be cerrupted.

Typing RESET-SAP at any stage caw. drn to the [DASIA  system
and nalts conversicns.

A5 Evaluating the data
Type PLUT
DASIAA  responds with START AUDORESS 2.  The response to  this

determines the beginning of the data which will be graphically
displayed on the user terminat.

The PLOT routine allows the user to check the data in DRAM prior to
it being loaded down to the ECLIPSE. It is useful to determine the
number of samples that contain the entire audio waveform, this
number should be noted for data transfee to the ECLIPSE.

A.6 Uploading the Data
Type TERSIH
rake sure that the ECLIPSE is prompting with CODE ?

Type FILE
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£nter a destination filename for the data, The ECLIPSE bprompts
again with CODE 7.

Type control-A control-E to return te the DASHA systen.
Type UPLOAD

DASHA responds with NO OF SANPLES ? - enter the required number of
samples -~ DASHA will beqi- -ploading the data to the ECLIPSE. A
count of the current data byte being transferred is displayed on the
user terminal.

After data transfer DASItA 1s in the terminal-simulation mode and
UEPS cesponds with CUDE 2.

The data is now saved i~ an ascii data file on the ECLIPSE and
subsequent processing Ay be carried out using OEPS or the DAS/A
analysis-software.
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#.1 Strings

The musical tones of guitars, violins, pianos, banjus etc. are all
characterised by tne modes of vibration of stretched strings fixed
at both ends. Vibrations in these strings occur at all harmonic
frequencies.

Fn = fan n=1,2,3...
Wharet f ~ fundamental frensuency

n - harmonic number
Fn - frequency of harmenic n

B.2 Reeds
feeds vibrate with the rodes of vibration of a bar fixed at one end.

They are used to excite acoustical resonators in clarinets, obees,
saxopiwnes, ete.

A bar fixed at one end exhihits nonharmonic partial frequencies at
the following ratios of the fundanental fraquency f.

£ 6,2076F; 17,5515 34,39¢

8.3 Pipes

Open pipes - The partial frequencies qenerated by the air column in

open pipes are at harmonics of the fundamental.

Fr = txn n=1,2,3...

Closed pipes - The partial frequencies qenerated by the afr column
in pipes closed at one end are at odd harmonics of the fundamental.

En = t(2n-1) n=1,2,3...
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B.4  Strings on Acoustic Resgnaters

Acoustic resonators such as soundboards or Helmholtz resonators
excited by stretched strings cause certain frequencv bands of the
excitation waveform to be awplitied or attenuated according to the
resonant characteristics of the acoustic resonator.

8.5 Reeds in Acoustic Tubes

The eftective length of the resonant air column 1is changed by
opening and closing holes in the acoustic tube causing a change in
the resonant frequency of the air column.

The reed is coupled to the air column, which controls tne motion of
the reed 2ad mance the fundanental vibration of the reed.
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AUALYSIS SOFTWARE

The analysis suftmare is ducuented in the standard OEPS format.
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HACSSPEC - Fourder Analysis of windowed Data

1

Authorship

C.S5.ET{on January 1983

Pur -use

This macro calculates the fourfer spectra of successive
time windows of tne source waveform. The resultant spectra
are stored in a data fite.

nethod

Tne nacro reads datd fron tne source file, sppiies a
Hamaing window to user specified lenatns of the data -
whicn are tnen Fourier transforned resulting in freauency
spectra av tme jntervals detornined by the data window
lengtns. The resultant snectra are saved in a binary file
unaer the sane nane as the source file with the extension
ngpr,

The vacro uses five subroutines:

1. RUFILE - read data from the source f1le inte the E
array.

2. WIN - apply a Harming window to the E array.

3. FTSH - (UEPS) shutfre the £ array into bit reversed
order.

A, FTSH - (UEPS) execute the kast rourier Transtorn.

5. MAGN - calcuiate tne magnitude of the kourier spectrum.

Lalling sequence

Normal via the code MAGSSPEC

initial state
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Immaterial, th. ™acroe prompts the user Ffor all variable
data.

6. Input

Conscle:
1. tiame of source file.

2. Ml - window Jength index, windaw length is calculated
as =2,

3. W0 - number of windows, this should be calculated by

A the user according to the no of sauples in the source
I file {see Caution - beluw).

i 7. tutput

tonsole:
1. hane of file in which spectral data is saved.
File:

1. Spectral data saved.

4. Fingl state

Date saved in file.

9. Caution

Be sure to calculate the corrcct data lengths or an error
message will be displayed when the program attempts to read
data beyond the end of the source file.

For exampie:
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If 2000 hex saiples have been uploaded from DASIA to the
ECLIPSE - this fuplies that there are 16 tiue windows of
§12 sarples each fe.:

fl=y W=16
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0o
lvlu
1udy
HUEY]
1o4a
Lusy
lueo
tutn
ICLTY
1evy
1

1l
1l
117y
LA
[ECN
12y
At
feen
1§
tedy
12dy
fcdo
tear
Leyn
i
1ehy
1270
18y
levy
Lsvu
oty

0. Listing

REL»>335555>25352> AU hSPLL
PRINI "SUUKCE FILEHAMEY
LupUl bR
Pl "wlvels LEteid [abex <io®
kUl ol
PRIGE "0, 8 el
JRil ay
LET b9psSH», Bh{nt), *ap"
PrLal PDEGELAAT DR FilbkiM o0
LET nez2tnl
LET
LEE s
vl A1) v Ee8)
wPL FLLE 11980 ,380
GPE T FRLE U 2e 1,040
i e FLLE () aa,an
(LI
Eoalbs YAl e [LELY
[ PEPTY
Pk TAURG
BN g
bk Malarioan®
wioa dden
Ttk MACERIRTY
ot o
Feno1zl 10 ae
Lkl vl 0
Chl ried

el /e
e 1)/ a2

i
= lER MALE AL e
uilbey 2uun
AL adin PILE f2)sv
HEAT
LLstE
LUTN uguy
REP <<ecccdgceced<<alalry
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HACSHAR - Determine Harmoni

1.

2.

Profile Lata

Authorsnip

C.S.Elion January 1963

Purpose

This macro calculates and saves data which represents the
time evolution of the individuai harmonics of the source
wavefori.

ilethod

The pacro uses a cepstrun technique to deternine the
pitch-period of the oriaqinal tenu bv catculating tne
inverse fourier transfora of the Tog arnlitune spectrun of
the original tone at a point where its tine waveforn is
approxinately stemly state. The prtch-period infornation
is used to calculate the twne evolution of each harmonic
trom spectral data previously caiculated by the macro
§AUSSPEL.  The rerultant data s saved in @ binary data
file under tue nave of the source file with the extension
g,

The nacro uses six subroutines:

1. FTST - (OEPS} sort the E array pmor to inverse fourier
transform.

2. FTSH - {(OEPS} shutfie £ array into bit reversed order.

3. FIFT - {OEPS) perforn the Fast Fourier Transform.

4. TAGH - calculate the magnitude of the fourier spectrum
{cepstrum) and find the index of the peak value after
the dc conponent (pitch nerfod) fa the cepstrum.

b, AIPL - use the peak value calculated in HAGH to extract
harionic ampiitude information from the fourier spectra
of the source wavetorm.

b. SAVE - save the data calculated by ArPL {n a hinary
data file.
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4. Calling sequence

horual via code WACSHAR

5. Iniui.] state
The data file created by executing NACSSPEC must exist.
The user s pronpted for all variables.

6. Input

Console:

1. HO - Tre numper of harmomics to be calculated.

File:

1. pata file containina spectral information calculated by
AALSSPEC,

7. Gurput
Consale:
1. uane of file in which harmonic data is stored.
File:
1. Harmonic data.

4. Final state

Harmonic data stored in fife.

9. Caution
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HMACSSPEC must be executed prior to this macro.

PAGE C-8
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. Listing

UL KEo €CECRECCECeCICCIKALBMAL AR
Luly FRID "SunnCl £ ICE-4AMe"

1020 (NPUT Sus

lo3u LE] SYs=bHb,"H"

9 du LET SBazgRs, “uP"

105y FRIAT "Redol 5 Fruizh, 080

by PRLGT "DESTL N fuis FLLE 2" o0
fu7e PRINT "au UF Bakidaius”

198y Lavyl ng

tudy 6PES Filr 11 33,000

Livu wEarr FLILL (1), elpnn

Thlv LB r=faitausidl

Ti2e LET wisug~1

1130 LF1
Tida &R
PiSe LEY
Tlou wl =
1170 Fan gza 10 K

IRV AL rEay RIbe L1, v
Lidu icl )

bty boe d3p 10 a2

12w (S STROE N AN ]
ledn Ly g, iy=a

1230 ubal L
Ledu LaBbr "ausETsI"
TeSu muare geun

Teloy Eoalkr FALECT Y
127y wuails dyun

tedy b dee “ar gk e (Y
129 nisin ana

V590 thlhe Ay Rt e
131y w'1onn duud

1320 LLobk

1530 LPE FILE (1e3),08b
P39y KEao FLLE Ulbeabpan
1356 LES 127210y

L5360 LEL wi=1g/d

1370 LEY nd=ng/e

L34y Fuk A=l {1 sy

1590 “AE MEAD FILE (i),v
favy EMIER AL BAMPYL "
1400 whoun gguu

tudu k&l R

1650 CLoBE

T4d0 b aTER PALBOA v EY
Tahu wOBhH oo

oy iy uenn

1470 #hi €<<C<€<C<cCcLe<<htl hnAL priAn
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VACSSPLUT - Plot of Amplitude-Time-Specirim

1. Authorship
C.S.Elion danuary 1943
2. Purpose
This macro plots a perspective of the spectral data
calculated by +ACSSPEC. The data is plotted in such a
manner as to jive the impression of a three dinensional
plot of Amplitude-vs-Frequency-vs-Tine.
The anplitude scale may be Tinear, logarithmic or squared.
3. nethod

3 . The nacro uses the OEPS qraphics facilitv. The 3-n

i perspective s created by shiftinn the screen window after
' plotting each spectral window.

The nacro uses two subroutines:

1. PLOTV - plot the contents of the V array.

2. TV - calculate a data limit wirdow for the V array.

4, Calling sequence

fNormal via the code MACSSPLOT

5. Initial state

The 0EPS graphics must be initiaiised by GINIT.

6. Input

Console:
1. 58% - e of source file.

2. S7% - LDG, LIN or POW - indicates Tog, linear or power
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spectrum plot.

3. K8 - number of points of each spectrum to be plotted.

4. K4, K5, K6, K7 - coordinates of the plot an the
display/plotter.

7. Gutput

Console:
1. Plot of the contents of the source file on the
1 display/plotter.

8. Final state

A1l variables used are changed.

9. Caution

The spectra rust have been calculatad by HACSSPEC nrior to
using this macro.
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10. Listing

Luin kEsa>3>5535>3355555>> 14l sokkULPLI |
(ule rhinl "suunth FLLEAaE"
lude LaPyl Sdr

1ody LEL $9a=888, 5P

104y PRINT "REALTAG Frud:", 598
1oSy PRIMD "CLOG), (LIMJEAR ux (PFus)Er SPECTHUAY
Luan IwPul S7e

lunl PRIGT M8t FOLO1S®

Tued INFUT w4

LeTu LET n9=3uy

ToAy prLll "xfP ek sLoTL"
Tugy INPUl ndenbran,n/

119 LET £9=asa”

e LET 90t =ry

Tldu LET 29(2)=ky

Pldw Lul Z2208)=1 s

Ligu el Zocayzng

iy LED £949)=e

1Tlon busun Tuay

LLTa P FALE ULs 50,09

1Ay wEA Filr (1) alran

flue (et 1
12un tri e
i 1ely Lk /e

Ledo Iy v{ndy

1221 LED 2mra

LS thun 1al

14y Fum a3t Iy ay

1256 AT kEwd FALE (Hd,vy

Lty B S/amLno® Toks usun [ 3su
1279 LE S/R="maa® Ink s wuedn 1370
lenry Ll Ere "AChRLal Y

L2dun wublUn 2uun

13un kAl w

1810 LLUSL

Ls2u woll geuy

15%0 Fux 121 tu s

13ay LET vli)stubivil))

L5y WEAT I
- 136y ETURn
i 1570 Rum l=0 fu w3
| 138y LED v0a)=viijte
) 1390 nEXT I
1 Lugy nbfinh

{9ty buk Iz 10wl 5)6P @
Ly Ll vOli=ny
i 1udu WFos/msfLde® fnke LEI Y{L)SLOGLRY)
ludy LB B/b2"Pae® Tapa Lkl v{l)=Rytd
1450 wexT 1
Tubay Fuk L=2 1y ty HTEP 2
faly WLET vili=y
[ELIY 1k 374="L0b" Takt LET vUL)=LubtE/0Y)
! Fuly LE 5763 Tak s Lel v(b)s~]
1500 Gkl 1
Ity EwiER "ALwinv"
1920 b 20uy
. iy KF Hirk
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HACSHPLOT - Plot of Harmonic Profile

1

2.

6.

Authorship €.S.Elion January 1904

Pur) pose

This macro plots a perspective of the harmonic activity of
the source waveform as calcuiated by MACSHAR.

Hethod

The macro uses the OEPS graphics and creates a 3-0
impression by shifting the screen window after plotting
each harnonic.,

The following subroutines are used:

1. GET - reads data from the source file into the H
natrix.

2. PLUT!L - plots the contents of tha H matrix, novina the

screen window after plotting each harmonic - to give a
30 visual ettect.

£alling sequence

Hormal via code IACSHPLOT.

Initial state

The UEPS graphics must be initialised by GINIT.

Input

Console:
1. $85 - name of source file.
file:

1. Data for harmonic plot.
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HACSHPLOT - Plot of Harmonic Profile
1. Authorship C.S.Eljon January 1933
2. Purpose
This macro plots a perspective of the harmonic activity of
the source waveform as calculated by MACSHAR.
3. iethod
The macre uses the DEPS graphics and creates a 3-0
impression by shifting the screen window after plotting
each harnonic.
The following subroutines are used:
1. GET - reads data from the source file into the #
natrix,
2. PLUTIL - plots the contents of the H matrix, novinn the
screen window after plotting each harmonic - to give a
3-0 visual etfect.
4. Calling sequence
flormat via code IACSHPLUT,
£, Initial state
The UEPS graphics must be initialised by GINII.
6. Input
Console:

1. S8% ~ name of source file,
File:

1. Data for harmonic plot.
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Qutput |

vonsole:
1. S28 - name of destination file.

Graphic plot of the harmonic profile of the source data on
the console/plotter.

Final state

A1l variables used are changed. '

Laution

The narmonic data rust have been calculated by (ACSHAR,
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tuoy
tvlu
1oy
tedu
Tudu
lobsu
1osy
Lvtu
Lusn
lovu
1oy
111
tigw
113y
1140
sy
liaw
117s
114
119w
fenn
lely
Ledy
igdo
feuy

1u. Listing
=12E0g

KEND3235253333>>33> 953 >MALaHARFLU]
FRIal "SuunCh FILESAmE"

InrJl Sde

ET B2uzdBa, vat
PRIt PREAVING RO

s

3 XL
FRIGT "(LIdbAR O {LuL) Puni®
Iwrul sly

il TEKefs tHEF XL oYLY
LA Rdnbenush/

LET £901)zad

LEY Z9i2i=nd

LEI £905)=ne

Ll evtdy=n?

LET Z9(9)=q

[CR NTH IS IVIT

Ealkn MALwLFI® '
gt duay

LED
el
LeT
toalEs MaLsele

aatn diny

i deny

eF GRCECRECCCCCRARRKR G TAL pr APt ]
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HACSTPLUT - Temporal Plot of Source Waveforn

L. Authorship

C.5.E170n January 1983

2. Purpose

This macro allows the source waveform to be piotted. Its
usefulness is 1n that the anplitude envelope of the
waveforn may be graohically exanined.

3. petiod
The macro uses the OEPS graphics to plot the waveform.

The following subroutines are used:
1. AOFILE - reads data frem source file into the £ arrav.
2. PLOIY - plots the contents of the V array.

3. TuV - calculates a data Timit window from tne contents
of the V array.

4. Calling sequence

Hormal via code MACSTPLUT.

5. Initial state

The DEPS graphics must be aitiatised by GINIT.

6. Input

Console:
1. $85 - name of source data flle.

2. Nl - index for calculation of the number of paints in
each time window
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MACSTRLOT = Temporal Piot of Source davetorn

1. Agthorship

¢.5.Elien January 1983

2. Purpose
This macro ailows the source waveforn to be plotted. Its
usefulness js in that the anplitude envelope of the
waveform may be graohically examined.

3. Rethod
The macro uses the ULPS graphics to plot the waveform.

The fellowirg subroutines ave used:

1. ROFILE - reads data fron source file inte the £ array.

2. PLOTY ~ plots the contents of the V array,

3. Tuv - cileulates a data limit window from tne contents
of the V array.

4. Calling sequence

Hermal via code MACSTPLUT.

5. Initial state

The CEPS graphics must be initiaiised by GIHIT.

5. Input

Consoles
1. S85 - name of source data file.

2. il - index for calcutation of the number of points in
each time window
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~

3. KO - nurmber of windows of length 2*NI to be plotted.
4, K6,K7,K8,K9 - coordinates of the plot on the
display/plotter.

Qutput

Plot of selected number of windows on the Aisplay/plotter.

Final state

A1l variables used changed.
Caution
ga sure to calculate the correct data lengths or an error

ressage will be displayed when the program atterpts to read
data beyond the end of the source file.

For example:

1f 2000 hex samples have been uploaded fron DASMA to the
ECLIPSE - this implies that there are 16 tire windcws of
512 samples each je.:

H1=9
Wo=16
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Tudu
Lol
1udu
IR
ludy
1y50
luby
tu7u
tudy
UL
L10y
ity
112y
113y
ilau
15y
fipo
17y
{18¢
119y
teuu
tein
1eu
igsue
Ay
Ldow
l2hn
127v
Leny
1e9u
159y
L3y
152v
13%u
1340
135y
1364
1570
1389
1599
talu
taty
tulu
fusy
iady

10, Listing

HEM>>>>553525>523>>>»MHACH [FLu
FRIND YSUinCe FILENAIEY
Iarul by
PRIND “alnuda Lebid [Hpex®
FapuT Wi
erint Yui, wldodes®
Leryd wo
PRINT "argr YREF XLl
LouruT KO soralinsd
LET nd=etuy
LET wiswe-i
LET Z9(01)=ne
LET £9(2)=ne
LE}
Let
LET
ef
wiste f000
Wbt 157y
PR FILE (1, 57,948
tuke k=100 w0y

Eafbr MaLmedElLnl”

Gl guen

LU B TS
LET v (t)=eed )
agal I

EnIgn "ALBPLGTY
[T L T
LEE £901)=r9ssdeal
LEL L90P)=nn
LEd Z9¢3)=al
LEF [9¢d)zan
LEL ap2fugat
Lh1 £9(9)=d
Llibtin Joun
NEAT K
LTI Yo
FOROL= T3 95 LIER 2
LET v(L)=2yan
LED vOltlyz=2duln
Eal I
EalEr MALB Wy
wulty 20uy
RE(URH
REM€ce<g<<<<se<<<<rALB IPLIT
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RUFILE - Read Ascii Loded Data File

1

I3

Authorship

C.S.Elion Janvary 1983

Purpose

UASHA saves data in an ascii file via the routine UPLD.
The resultant data records are 10 datum long and the data
file has sequential access only. This means that because
of the sequential nature of the file, omly sequential
records of 10 vatum length can normally be read. It is
required, however to read data lengths which are a power of
2 Tong for the purncses af snectral analysis, REAUFILE
allows reading of any lenath date records fron the source
file.

Dethod

RUFILE duplements a temporary data vutter in the X array.
If, say, 512 datun are renuired from the ssurce file, then
520 datum are read from the file and the 8 remaining datun
are saved in the x-array until a further 512 datur are
requirea. Taen tie first ¢ datua are taken frow the
x-array, ang the remainder read from the source file as
abuve.

Calling sequence

rormal via RUFILE

Initial state

The input data file must be opened on channel 1. The
following variables must be nitiatised:

1. K - window nurper to be read.

2. N2 - number of datum required per read.

Input

r
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~

Ascii coded data from the opened file.

Qutput
nil
Final state

2 nunbers from file(l} in tne £ array.
Caution
The sequential file is read by this routine in a loop where

K is the Toop index and is incremented from 1 to the number
of windows contained in the fite.
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10. Listing

2005 KEM>>>>>3>3R333333>>33555>r0F [LE
2010 uPth Fulk (1, 5),33
2020 LE1 ni=xk
2030 LEl nizudsen]
208u LET admicjwirg
20Sy LET L=v
dUbt turR gsU U wi SILP fu
297y LF J<ke Ihed HaTy 2110
iy LaPUl FICE (13U i) Lo B423 F L L T#3) 00 (1, LHa) s ELL, (45, E
2uvu LET g=l¢ln
| 210u sl 2idu
2liv LUl rILE (1) rAens U ds b Frball,up P
| 212y L EXT J
213u LLuose FiLE (1)
2idy kur =i 14 a2
‘ alby whtoeld, s
2160 Lkl |
2T wk fae
i 213U REHCCS<CLCLLLC8<LLencecin FILE

e
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HIN - Hauming Window

1.

Authorship

C.$8.Elion Japuary 1983

Purpose

The subroutine applies a hamming window to the time data
prior to spectral analysis.

niethod

The Hauming window is given by:

w(n)=x(n)*(u.54+o.aﬁ*cos{[(1-1)/nz-o.‘s]*zng
Lalling sequence

Horral via Wit
Initial state
1. M2 - length of data to be windowed.

2. E{1,I) - holds data to be windowed.
Input

nil

Qutput

alt

Final state
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Data in E array is windowed by a Hamming window.

9. Caution

nil

PAGE C-23
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2000
2uly
20du
2050
2udu
2ute

10. Uisting

RE#»>5532555335533> 3555 n iy
(RIS S TURSE]
LET ECI A L)SER L FD AL, 00, 80xCus{({ T~1)/n2~.0) k0.285148))
weal 1
e Turg
HErMCEEECECCRECgCE<c<decsn]n
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hsGN - Hagnitude of Spectral Data

1. Authorship

C.S5.Elion January 1983

2. Purpose

The routine calculates the magnitude of the fourier
spectrum and finds the index of the largest spectral
component {excluding the dc component).

3. liethod

The comnlex aritrmetic utility is invoked to calculate the
magni tude,

An assumption s made that the snectral components axist at
frequencies areater than 1/25th of the sarmeling freauency.
The nagnitude of the laraest spectral conponent is thus
found by searching the riaanitude of the smectrun fron
frequency values above 1/25th of “he sampling freauency to
1/2 the samnling frequency.

4. Calling sequence

Horial via code raGH

Inftial state

1. E{1,1} - real values of fourfer dat-.

2. E{2,1) - imaginary values of fourier data.
3. N2 - pumber of samples in E array .

4, N3 - N2/2.

6. Input

nil

7. mutput




ANALYSIS SUFTHARE PAGE C-26

nil

228l state

1. V{I} - magnitude of fourier analysis data.

2. - N2 divided by the index of the max value of the V
w (pitch).
4. Laution
! nii
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10. tisting

QURY MEM 332333233333 5>3355 3> AL G
2010 EnNTEr PALSUTHCAR LT

2uey Lel vusy

2u3¢ run iz
2udy LEE X
Quby Lel oy
2uny it Sian

20 -9 LEL v(L)=Xs

2uAu sl ¢

2udy Rl L EN0e2750) To %

2ldu IF ARBIVELI)oY s Tory tusus 215q
1ty nkad [

212 skl

2 LET vessratvilly

el L auzhesL

2150 rkide

Plou rF (€4K2CEECLLCCCLLRCLAL Y L
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AUPL - Amplitude of Spectral Harmonics

1.

[%

C.S5.Elion January 1943

Purpose

This subroutine deternines the maximua value of the
amplitudes of tne fourier partials at near-integer
multiples of the fundamental. The data is calculated from
Fourier-transformed portions of the source waveform, and is
saved in the H-matrix.

vigthod

The pitch (P} deterrtined by the subrcutine iiAGH is used to
search the fourier spectrum at freaueacies (F} in the
ranget

PP/ F = PHP/2

The resulting values are stored in the H-matrix.

ling Sequence

korual via code AiPL

Initial State

1. Hu=nuuber of partials to be extracted
2. N3=half the nurber of fourier points
3. AU=pitch of source waveforn

4, V(I}=fourier power spectrun of source waveform

Input




S
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nil

Output

1 State

H(K,I)=harmonic amplitude information

Caution

nil
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2viy
2uty
2uay
2u3u
2uiu
265y
2ubL
2uzu
203
209y
21uy
211
212y

10, Listing

KEO>335333>3335323>>>>3 >3 4nHL
Fuk i=1 10 v
LEE v
LEl pusltTolansil=ause)
LED CLuzfnltidux])sansd)
1F Cu>wd ToES LEE Lezad
Far o gzey 1o Ly
L AnS{vyUJ})ovy TnHed LeT vuzaaslv(d})
ukxi
LEDL AURL}SVY
wEXT )
wElor
BE 1EECKLECLLTLCLCLCCILLLLLIAMPL
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SAVE - Save Vata in H-Matrix
1. Authorship

C.S.Elion January 1983

2. Purpose
This suproutine opens a binary file and writes the contents
of the H-matriz to it.

3. Hethod

Self-explanatory

N 4. Calling Seuuence

novnal vig code SAVE

5. Inftial State
1. $95 - destination f*lename
2. ML - window length index
3. HU - no. of harnonics

4. W0 « no.  of windows

5. R(I,J} - harmonic amplitude data

6. Input

nil

7. Qutput

1. bata from H-matrix.

ot

Final State
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Harrionic data saved in binary file.

Caution

nil

PAGE C-32




AHALYSIS SUFTwWAKE

duy
2oty
2029
2udu
20640
2usu
2vn9

10, Listing

REM>>>2333333>04vk

UPEN RILE (1,1),09%
wlTL FILE (L), N1, 80,00
Mal o wRITE FILE (1),d
CLusE

WEMCLCRECCELICCLDAVE

PAGE €-33




=t

ANALYSIS SUFTWARE

GET ~ Read Data File into H-satrix

Authorship

C.S.Elion

Purpose

January 19493

PAGE

Used to read data files previously saved by SAVE into the

Hematrix.

Hethod

Self-explanatory

Calling Sequence

nornal via GET
Initial State

1. 525 - Source filenare

Input

File:

1. data in the H-matrix.
tutput

nil

Final State

data read inte H-matrix

Gaution
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nil
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ANALYSIS SOFTAARE

dudu
2ulv
2u2u
2uiu
2udy
2u4y
2iny
2uty
Aoy
2uYy
2loy
2i1v
212y
2150

10, L

KER3355 33535555051 ]
UPE FLLE (1, %) ,5d8
READ FILE (1), %1, Wu,nl
AT KEAD FILe (1),4
LLuSE FILE ()
LF S/PR*C{N" B4 gt 212y
Fuk (=1 1g wy
For Jd=p fd sy
IF mMoledsay ks LB AOT, o=
el LI, 0¥staBinLE,d))
wEXT )
wbal 1
e Ty
KE 1<€<C<eede<etu [

PAGE C-36




ANALYSL

PLOTLL

1.

2,

3

by

5.

6.

7.

$ SUFTHARE PAGE C-37

= Perspective Plot of Harponic Data
Authorshin
C.S.Etion January 1983
Purpose
Used to piot the harmenic landscape fron data in the
H-atrix.
Iethod
A three diuensional impression of the harmonic tandscape is
created by shifting the data limit window aftor each
haruonic is plotted.
Calling Senuence
tormal via cede #LUTLL
Initial State
1. Hu - aunber of harrmonics
2. WU - nurber of tire windows
3. Ml - window Tenath index
4, K2 - window length = 2**H1
Input
nil
Qutput
Consgle:

1. Graphic piot an disntav/platter.

nfl
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J. Final State

Flot on terrinat/plotter

9. Laution

nil
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2UBY KE 3333333353533 3 5L L1 1L

201y LED vosy

Pu2ue Fux J31 U M

2u sy Frue az=t 1wy

2ty IF AbSUHIK,d))>ve Taew b1 vusanblra,d))
duduy S

2uou mEAT J

2u7y LET sH=ie

2uad LU w2=wus]

2u9¢ LE) Y(1
1 eloy Led rlavizmsn
! Sllu LB £3=Pmp e
; 2120 LET Alszrfre

. 2130 LED 2wy
i 2hb uhe g [t i
P 2lou Lel Lashaaun :
! Pinv ety e
A 217y b 2l ore ]
i 2030 Wbl rip)=E
2Lh EEEEE O R
Peau LEloTlakidEne,
i 2¢lu Al o I
2edn Let ¢as"ReLY

23 Wi oz

270 Looun
2e¢An LEL Zs
Py LFT n
2a0u LEl
251w LRI £
2320 LET £9(2)=ny
285y LET 240}
Asdy LEL L4
2590 LRl 9%
2iou Lishuh Juuy

237u what

2580 LB adska

2380 b Tuww

2uhs REn 35335333335 >KLa1 (]
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£.S5.E1{on January 1983

2. Purpose

This subroutine is used by ...LSSPLCT to create
perspective plot of the fourier tranc i da
source wuvefor.

3. Hethod

£ach spectrun is olutted and the data limit window {s
subsequently shitted - giving a three dinensional
inpression of the data.

4. t€aliing Sequence

tiormal 'ia code PLUTV.

8. Initial State

1. ¥{I} - data to be plotted.,

2. W2 - no. of points.

6. Input
nil
7. Gutput
k
Console:

1. plot on display/plotter.

8. Final State
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Plot on terminal/plotter.

Y, Laution

il

AR




2uun
2utu
" T2
2u3y
2u4u
auby
2ubu
2uly
2uny
2udy
2lug
21ty
2lev
2130
2law
2150
2ioy

el

=

AHALYSIS SUFTWARE

isting

KEXI>3>333>355353~333>PL0 [V

(WARNE TLEI IR PRSI L
“CETZ8 0=y

LEE Z9¢t)=y

LET £la="C”

uiisun fove

LEY L3NSt

LFT nashat,2

LET ahsebh=,5

LET
LFI

LFI
LF1 g99) =y

B5us Juug

VE

FrEr K€GCELeL LK Cka<HL ]y

PAGE C-42
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TuV - data limit window from V-array
1. Authorship
c.S.E¥ion Japuary 1_?_8_3______,__-_.___._._ o Vb St S i e

2. Purpose

Calculates a data 1imit window to scale the data in the
yearray to the screen window.

3. nethod

Uses graphics core routine * DL".

4. calling Seauence

ttormal via code TwV.
5, Initial State
1. V(I} - plet data

2. W2 - nax dinension of Y-array
6. [nput

nil

~

gutput

nil

4. Final State

Data 1imit window calculated.

@

Cautiun
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nil

PAGE C-44'
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2uoy
2414
2uav
2udy
eusy
eusy
2uny
207y
Qubu

10. Listing

HEA>535355335533355>553>Tay

LET

Lei

LEL £9(9i=y N e e e o ea e e et a—
Ludbip TouE -7 °

LET Zhatsou®

LUsUL Jyen

KETUR

MEMELLRLLEeRECLCCLCE Ay
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1.

3

e

7

Authorship

C.S.Elien January 1983
Purpose

This subroutine interfaces to the DASMA systen by
interacting with the DASIA-FURTH routine, UPLOAD. It loads
data transiitted over the RS-232 link by DASHA into an
ASCII data file.

Method

The data forriat on the R$-232 link is W) datum plus one
flag, UPLD saves the data in a file, checks the flag, if
the flag indicates rore data to come it sends the BASIC
INPUT statement nroipt to DASHA (space-?-space).

Lailing Sequence

fiorual via code PLYU (usually called by the UASIA routine

which transmits the characters U P L D to the £clipse).

Initial State

The sequential access file must be opened on channel 1.
Input
l. A,B,C,D,E,F,G,H,I,J ~ ASCII encoded data.

2. K ~ status flag:

¥=1 indicat- W to be
transnitted by DASIA.
K=0 indica. { of the data
stream.
Gutput
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File:
1. ASCIL encoded data.
8. Final State

* Vata sdaved in sequenfial access file.

w

Caution

nil
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2uvy
2ulv
2u2y
2udy
204y
2ub¢
2uby
2uie

10. tisting

KEN3>5553523>5>5355332 > UFLL
LE} S®=*--yang”

INPUT A, sk e Folietirkpdon
PRINMT FILE (1), u8lni S5e,470,"
iF k=1 TnEs wQiu 2udy

Clust,

RE TiM

KEH<CLCLd, ,€CLLCLCCLELSYMLY




APPENDIX D

A PRUGRA4 DESCRIPTION LANGUAGE (POL}

Ul x_/gscriuinq FUILTH using a PUL

dign Tevel FURTH pregrans are usually gescriptive and thus weasily
understood.  Yhe nhigh-level words in  the FURTH vocabulary often
consist of uvther high-tevel Fukly words. ihe exannle of chapter 4
can pe extended:

o CONTROLTE W
BEGIN
TEST e
IFHOT
TAPGN
IFCOUL
TAPGF
AGAIN ;

Tnis defines the word CONTHOLTEMP whose function is  easily
understosd by an examination of its component nrocedures (words).
Thase words could, on the other hand, be constructed fror low-level
FORTH words or even FORTH-assembler instructions - making thelr
appearance Tow-level and unreadable.

A Program Description tanguage is usetul for developing  and
aocumenting software, It provides a “structured-english*
description of the software functions. The PuL obeys progranming
constructs  based on those propesed by Young 110},  Further
modifications of the POL to suit the FORTH environment are included
in this appena’x.
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Translation frow PUL to FutTd is swpiified by implementing the
FORTH paraueter stack as a PDL data-structure. The FORTH parameter
stack allows parameters te be passed between hiah Tevel FUPTH words.
Parameters nushed on the stack by any previous cperation remain on
the stack until a subsequent oneration pops them off and uses them.

Tra Pl stack 7s used as follows:
stack = expr;ssﬂm\
expras-ion := stack
Tne voruer evaluates the expression and pushes its value onte the

stack. The Tlatter removes th2 top value off the stack and assigns
its value to the expression.

ine tollowing prograuming structures are used throughout the POL.
1. {uFaAlt) - indirection - refers to the data contafned at CPU
address UFdAi.

4o {numperi<nuwher2} - conditional - a conditional statenent
associated with conditional program execution.

4. [coument] - coument - ay be placed anywherc in the proqran

4. nata-pointer - an address at which variadle date is held
and is addressed by indirection.

5. address-pointer - a constant address at which variable
address information is held and addressed by indirection.

Yariables are created by assigning constant values to sywbols - the
constant value being the machine address at which the variable data
is stored in RANl. The constant values are data-pointers or

address-pointers and are used to address the data or address
variable.

Variabies arce declarad in the POL by:
(eusdata-pointer) s U
Tnis indicates ¢ data variable of type data, pointed to by constant

diy of type data-pointer which is initially assiqned the value 0.
saftware routines are defined on three lavels:




e
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—

« HUBULE |
2. PRUGRAH
3. PRUCEDURL

These are the same as defined by Young,

0.2 Paraneter Passing

Al1 paraneters are defined at the beginning of the software listing
and are universal to ali modules, prograns and procedures - as are
FUATH paraneters universal to FORTH words.

FURTH paraueters are often passed via the FORTH nparameter stack.
Asserwler Tlevel peraneters are passed via the acrurulator. The PBL
facititates these two Tevels of parameter passinq by:

LapyTs: stack(2)

GUTPUTS: stack(1)
or

LiPUTS: accumulator

Tne former is used in describing a FURTH procedure requiring two

items on the stack prior to its execution - and one parameter left
on tne stack due to its execution,

The Tatter indicates an assembly Tevel routine which operates on the
contents of the accumulator.

The tack of the INPUTS or OUTPUTS statement prior to a routine
indicates no parameters passed to or from the routine.

0.3 FORTH words used in the POL

1. DUP - Duplicaves the top value on the stack.

2. /40D - Leaves the renainder and signed auotient of nl/n2.
The romainder has the sfun ot i dividend, where nl and n2
are the uppermost nuibers on the stack prior to execution.




S
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FORTH words in the PLL

3. KEY - Leaves the ascii value of the next user terminal key
struck.

4. ELIT - Transmits the ascii charecter unpermost on the stack
to the user terminal.

5. ?PTERMINAL - Tests the user terminal xeyboard for actuation,

e leaves a true flag to indicate actuation.

6. UR - Transwmits a carriage return and Jine feed to the user
terminal.
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Ewe =

BOFTUARE LISTING FAGE E-~2
2 ABREMELY LANGLAGE ROOTBTRAP
;

FATEN

FROG EQU GFOBGH

FORTH ERU BnanaH

LETICA EQU B2FERH

RTATL EGU @oFL 1

BATY EQUL @FEau

BRYATZ E0U BRFESH

BAT2 EQU ARFE4H

ERC EQLt @1EH

R EQL REIH

LF FOlt AR

CHT1 QU AskM

BPTL EDU BACH

WeTY EQIL @4l

IHET LI  OFFH H or end 4CF
™R H Tizeticrs st
eLn 3 clesr decimsl nod
BEY § oelaer inteErrueh me
LIvy  AD04H
BTH RAUDL 4 beud rete 2988 defmull
LTA  AFFR
RYA BTATL
&TA BTOT2 3 reset ACTAz
LI pews

ATy GTETY

BT& ATHT2 set AQIAs

INITIALIZE FORTH VARIABLES

e dee

L4 B19H 3 HeANP
STA QERTAH

(R

STH BE2TFTH

LI aRen 5 HANI

ATH QRTTEH
LIy REGH
RTH BAUTTH

LB4 GROM 3 MINI
STA pRTIERN
L4 AFRH

STA RO2TRH




ROFTUARE LITING PABE E~3

LTS Asth 3 ool

RTA RARTAH

L aoeH

RT4 GRITEY

BTA BRAAFEH 3 orubeut fleg

s =t 3P CFORTH
3
3 T/0 ROUTIHES
BUCHER LI BTATS 3 poll stetus red untdl
AT BRZH i TRANGHIT tuffer emply
RER QUEHC
RTS8

INCHEOR L04 RTATS pell sistus veg uptdl

ANTE aaiR REQETWE buffer full
RED IMDHOHE
RTR

{UTTRY PHA 3 check stetus ACIA
JAR ICHCK
PLY
CHE ARAH 3 if cher s FUROUT
BREQ RURGUT 3 oto rubkout routdre
ATA AATL 3 cutpuot dete
RTR

INTERM 188 INDHOK 5 chech stetus A0IA
LUA BATI $ get de
THP B30 3 if dete i= EBC
REQ EBOARE 3 to sscmpe routine
BTR

BUERQUT LIy BEAFFH 3 chech rubout Flag
HEG FURL b oif indeton RURL
Lo BeRH
€A DATL
TR

BURY Lhw RiAH
38R QUTERH
LB f2Rd
18K CUTERM
L AiaH

implements rubout
ars infotor ternined

b2




BOFTHARE LIBTING

IBF GUTERY
3

BT

Lo RTHTL 3 epge For FORTH wood
AHL aatH 3 TTERMINAL

IMP RREIFH

LBy CR

cpde fpr FORTH woerd
CR

ISR QUTERM
LF

18R QUTERM
IHP ARATAH
PL& 3 fix mechine sleck
¥ 4 @nd perfornm = wers
JIn® REQARH $ BlEri

THTERRUPT SERWICE ROUTINE

Frid 3 sewe accunaletor
TH&

PABE £-4
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ROFT

WARF LISTING

‘V*&&#?W?!S\ATA’; ACOUTRITION RYBTEM FOE MUR ICAL***‘ g
{RgrRgy TONE ANALYST R3S o
[EELEXEL S L LA £ Wy 3

!WH‘&‘V**&W-W»KG‘.!&

H’hn aaft

are operstes or four leve
iz i(och{rmP Routines

4 LS qul ines
4 3. 3
1 A, g Roasltd e

iThe heotstrap progress sre sll sesesbly level
{ae docomented sbeave, BLility, Test end user routines)
inre W deo dre FORTH arnd FORTH-zseenbler where

iexenvting spepd de reguired,

3
8 EREEEE RS
ROUT THERRRERE SR by #&5’!!}’!““

BAMPRT
FEN‘:"!EN‘ RUCLOCK
("“HL‘TMNT BTRTI
GATY

CTLATOR

TLATIHA
HORE

U AIET

248 "“IW STANT ERR
VEF PIHETANT PARE
T CTBTANT ADRG
DID CONETANT ADRY

PAGE E-S
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BOFTUARE LISTING PAGE E-4

T4 CONGTANT NSAHP
T8 CONBTANT HaXl
IR OCONBTANT HMINI
Fo CONBTANT COLS
T CONBTANT FOR

TE CONETANT #A¥IS

LEREEEEREIRERERREUBER TERNINML. Iv0wk

2 EARSTER LS AL TS

iread 1 mxeii coded numberd

1 TH-f

PAR {1 ENPECT ifrom irgut devive =nd leave)
@ a Pasl Y - (decinal velue on thed
AMUMRER) iperemeter stroch)

2RREF 3

il goded numlers)
M device erad lesve)
1 weluves on bthe)

ber wtachky

(NUBEER) I
PIRAP 3

3 TH-R
PAT F EXPECT
Q8 Pal s -

lues

HUHBERY sbaahy

2npae g

3 IM-4 irend A ssriil coded mumbers)
PAT & EYPEQT ifrom input dewice snd lesvel
Q8 PARL - idectmel veluks on the)
ANUMTERY i eter stech)

FIRQAE

kgl Ry SRR TR AN T/0 ROLTINE BdR

ZRSATASTIRETLH

4 ep iy ites ihe top word op the perameter)
BLATOH istaeh Lo the locstion in DRAM sddressed)
ALATOH | thog bhe next werd on the stach)

I OTLATEN ©f 3

3 Toe {Remds dete from the DRAM locstion)

ALATOH 1t {zodreserpd by the wordg on top of the stzch)
1 CTLATCH Ot

VATCHY @




ESaa e

BRFTUARE L YBTING

4+
SHRYEREGEREYIROIECT CODE IUKP GOUTINESRERRLERRLEREREE)

HEX #r !\'11=~a ACTA= for 1208 boud)
LOARE |ETWE froemarity serial commurdeshion)
XIQ/UR ]TH, A.\uth irtelligent PROM progremmer)
Aa LI, {i.e, HP S4008,)

FFER 8T4A,

E LIA,

"*h‘! -tope

aster SIS
- anpty fle

CEEE RICHEK
NBAVE TN,
HEQIN,

FFER LTy,

o
NRAUE LI
NERT FMe,
WD -0OTE

COADE T iFesd ¢ ter ALTRQY
XOBUE 6T, furstdl By~ Aull fleqg)
FFCTN, {im zet,)
TR LIS,
@.‘ i,
sl HOT UNTTL,
SFES LR,
AR LT,
PLAHRG TP,
EXU-DO0E
1 GUTREM {Qutiut Dhri‘ soter pr bhe stack)
AUCHCK fwie AOIAT
FFES C1 3
CRNE A2C {Corssert the duts werd on the)

PAGE E-F




BOFTUERE LISTING

4 LI, iperemeter stech to ite ABCIIY
GETUP J8R, {eguivelerst,}
M OADA, :
A CHP,
[T S
AR ALC,
ELBE,
34 ALC,

FURHRG IHD,
EHT-COnE

§ AROOQT

idutput the ASCIT welue of thed
DU" FG ANT

idetn werd on the peremeter shach)
twiw ACTAZ,Y

ASC C\UTRFH

8F AN

ARO QUTREM 3

3 Dip iForast the abjesst code in (.“"LI "b-;?‘,
HEY, (et lecsrions AURF to ADRT = PRCHY
B OATH | iligting file or Lhe HP .u\Q’ﬂﬁ - ther)
T OFROM %Y e groamit bhde o
THj-g

WHTTL :
R DUTREN
ANH TP 4 4 CR ARCOUT CR A3C0UT
FE QUTREN
EI il
28 DUTREM
AURF DUF 8 QR ABTOUT
1 BWHP 8
Loor
QR QUTELM
10 AT 4L

PAGE E-8




BOFTWARE LIRTING FAGE E-9

SURS @ ALRT @ ¥
UNTIL
° oA | g

AR SEE SRR ROESIRERI
1 a LEREERTERENNTEST ROUTIHEDY: 2 g
e R

1 ING iInvrenenke tent sderese wnd chechs)
AR 8§ 4+ sPRO | 4if 12 bite heve boers tested,)
g @ 8@ = IF
1 gL
ELSE
o @2k ot L
THEN 3

iWrite mesory test FRttern,?

JtOTERT PATTERN WRITE
AnE@ |
REGTH
(e O
™o
LA NP

Ly
N

3 T ferify dets petiemn dn thed
SR 4 TEET PATTERY VEGISY * (TR&H,Y

FOPR SDER !

BIRTH

qQ poTIE D

e . IF
nane
THC
FLRE
ER® £ 3 + ERF
ARG & ,
TN
THEN
ADER @ -t =
UNTTL

CR ,* PARR * PRARB 6, ,* COMPLETE * ERR B , ," ERRORGY
CR ¢

3 BEXTERT {Parfors welhing-bit mesory Lest)d



ireartige b verify relisble)
inperstion of the NRAM,)

RER AR £33

OB T n .

B our s

LE R Hdr 9 -

MANT @ HINT &
iR - 00

TR OHTNT B

iPlet points on soresn,)

iCsleulste position of)
ipeirds o soreern,)

CRLR @ My
~ WS POI O DROP
D My

2 M
- ne AN [ it




BOFTYMRE LISTING

PHBE E-11

3 FLOT iRough plot of HOAHP dete welues)
L BTART ALDRERR = 3¢ Lim DRAM beginsdey from ADRE,)
IH-4 ATRA |

g

RERTIY By

FALL § EXPECT
PAT R 4F =

[£:1
WNTIL 3

RYERERREEERERTERNINAL BIMULATION ROUTIMERIRRLY:

OOUE TERSTH

ONTY LIy,
f= QT TF,

MNRAMP B ALRA @ + AIRA |
ORE 9

SAKEY

iTermingl simaletion routine)

K\QSH& Gireet weer interzcilond
tocopputer boy relaying aog)

2 Aeer teraminel to thel

Tirk, seed ey dcput =t the hesk\

b then uzer terminsl wi

[CHYT I

RTHTE LI,
an

CNT! DEC,
THY,
/PTL 9Ty,
enuTE,
sHnte,
STATY LIw,
at anNn,
B= NOT IF,
TATY LDG,
HUFF? &TA, h
oHT2 INC,
ENRTF,




: SFTUARE LYBRTING

oHTT LTA,

g= NOT IF, .
STATS LI,
@z AT,

= MOT IF,
erle Lo,
a1 WP,
=

IF,
RUFF2 LDy,
CHT? DEC,

65 CHP,
a= IF,
EELG REC,
ELSE,
a1 L,
TATT BTA,
EFLE TNC,
ENTTE
Fi 88,

FED LD,
LHFY UFC,
&1 CHE
A= 18,

ENUTE,
SNTE,
EFLE LD,
f= UHTTL,
2ET,
HBAUE DY,
NEXT w8,
EHH-COT

DR REROENERAL COMMUMICATIONE ROUTINERERKIEELILKY
TONE TGUEGE

wta in the scoumulstor el
Pha, emitted poer the host =erisl)
BEGIN, i1ink wher the Te-regicter empty)
BTAT2 LIy, {Pleg LACIAZD iz metl)
82 ANT,
@= HOT LUNTIL,
PLA,

AT BTH,
®TS,
EMD-CONE

PARE E-12




R R T

RFTUARE LIRTING

canE TENIT

iPuts Lhe top welue wr thed

LB, iperanets, etzoh irto the)
SETUF JBR, dmecumletor and trenen
oL, ik to the host,)

T TOCPRE 18R,

NEXT Iup,

ENT-CORE

FORTR

3 TRANBMIT iCorverts & four figured

COMP RECIMAL DUP ideeinel raamber ircto snd
IRRCII encoged string snd)

IF ftrapemite it cwver Lhed

AT TEMIT NEGRTE thast dets kinkd
THEN
1008 SHOL 48 + TRMIT
188 SHOD 42 + TRHIT
iR SHON A4S+ TRHIT

& 4+ TRRIT HEMN

FUBEMELER

COLE ROCHR
HIGVE 4

BTR

8,
THU-CODE

[roatis]
L

.
RPT RYH,
WPT1 BTA,
ENTY BT4,
eLt,

S5 LD4,

¥ TOCRSE 18R,
S8 LI,
*TOCPRE 38R,
30 Lna,

* TOCRPGE 18R,

ifped chosralter
fhaffer - g ok
thost,)

{AHCHEUPLIG )

gireulard
e Croad

emit code to ECLIPSE twd
e QEFS routired

PAGE E-13




) SOFTUARE LIRTING FAGE E-34

44 LDA,
* TOURSE 1G9,
BN LDw,
* TOCREE 18R,
! NEXT 2P,

EMT-DOLE
CODE We2 - (Hzit for promt from hosi)
an LA, iepace 7 npeced
EFLR BTH,
REQIN,
CHTL LBA,
B NQT IF .,
EFLA LIA,
at
Q=
g
it
Y
FMLLF,
ENSTT,
EFLG {08,
R UWETH,
HEYT Cue {
EUT-COTE I
! FORTH
? - 1 UeLoan Uplozd (RAM date tol
Y thhe host, heginning)

2B L HEY RTARTING ADGRESR ? * OR (et sodress ADRE mnd)

- IN-4 CR {erading =t sodress)

i ALRS L {ADR1 ~ Under sirict)

CR " HEM NN OF SAHPLER 7 * ©OR thendehehe conditions,)

IN-4 R

ARG @ 4 |
SORA

upt




ROFTUARE LIRTING PABE E-1%

BEGIM
ugg
=% 4 i
REQTY
BIRG P ISF
THANSHTT
3 AIRA ¢
.0 TRUIT
RA P OUP 1 & D4t
=TTl
ATRA # ARl B W
1

T4 TRMIT
B TEMIT
a

ELRE
I8 TRMIT
. THHIT

Tl
AGER B, QK FMTT
1T

TERRTM 3

1 ATAT.
T OQUP ATATI 01 RTATR 1 frespt ALIAY erd ACIAZ and setd
WP STATL Cf 8TAT2 Cf ¢ {beudeloch in divide by

12 moded

1 8TAT-T (reset &OTA1 and SCTAT
FF DUP ATATY O BTATZ ©1  ibeudclock in davide byd
82 DUP STATI Ci 8TAT2 C©F & {1 mcded

o nebd

3 ReURRATE fzet the heudrste of the RS 231
[ 1linhs hetween UARWA and the user)
" ENTER NQ, CORRESPONDING TG REGR, RAUL RATE * CORF
.oe P4@E" CR Dturmingl and DABHA end the host,)

"3 7080 oy
g ARRR® O .
e SRA* LR
o 1a6ar CR
.t i2968* CR

F AT4T-1 0% RRCLOCK € BELRE
IF GTAT-2 Ef XOCLOCK O} ELSE




| FOFTHARE LISTING
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