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SUMMARY .

The gim of this system is to produce an automatic transcriotion

e

of music plaved on any keyboard instrument.

Work undertsken is divided into 2 sections. Firstly, the kev-
board is monitored énd information is stored in a memory device.
Hardware is developed in order to perform this task. The Jjatter
section invelves processing the information using software computer
Programs. Two types of output gre obtained, i.e. an alphanumeric
printout from a teletype and a staff notatioh vrintout from a granh

plotter.
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Chapter 1. Introduction and Review

The aim of this project is to generate a printout of the computer's
interpretation of music played on a keyboard instrument. Automatic
reproduction of a musical score is not a modern concept. In 1876, the
first version of an automatic piano was introduced in the form of the
pianista as shown in Fig, 1.1. This was the original form of piano
player. It was operated by a handle which produced a vacuum to work a
set of keys which in turn played the keys of an ordinary piano. A
later development was the pneumatic player piano as illustrated in Fig.
162 The action of this instrument is explained with the use of Mig.
195 The pressure at E with respect to A caused B to be raised, hit
the piano action wippen and the hammer to hit the string. With the
advent of electric power, the pneumatic version was replaced by the
electrical piano player which used electrical pulses rather than air
pressure to cause a note to be struck. The construction of this is

shown in Fig. 1.4.

In each type of pianola, a music roll is used. Fig. 1.5. shows
the layout of such a roll of music. Note »itch and time values are
defined, accompanied by the degree of pressure used to strike the note.
The soft and sustain pedal dynamics are also defined. The automatic
player was not solely restricted to piano. An example of another
instrument adapted to an automatic music machine was the violin as

illustrated in Fig. 1.6.

The music roll has been quoted as the "film of the music camera"
(1), but a piano camera exists (7), the mechanism of which is shown in
Fig. 1.7., with a drawing of a photographic output. The action of the

camera/
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camera is explained with the aid of the upper di.gram in Fiz. 1.7.

Hole F represents the last 12 mms. of hammer travel before hittinz the
key, as the hammer velocity over the last 12 mms. is practically
constant (8). The light source J is under the film D at point B and
point C of the hammer tail is focused on B by lens L. When the hammer
noves, light shines through hole ¥ then the light is blocked from the
film by point A. Once the hammer has struck it falls back slizhtly
but remains in a forward position vntil sustain is removed. With
reference to the lower diamgram of Ffig. 1.7. movement of this réll of
£ilm is continuous gnd from right to left. The distance between 2
vertical lines represents 0.04 seconds. For any note struck, black
bar A represents the time for the hammer to travel 12 mm. and A plus B
the last 24 mm. Bar C represents the time of retreat of the hammer
from the string and this, tozether with the following white bar, gives
the time for which the note was held. The final black bar D represents
the total return of the hammer and white bar B implies that the note is
not being struck. Fig. 1.7. lower also disvnlays the monitor of the
damper pedal. At point G the sustain pedal was operated to sustain the
chord. The units of A plus B agre scaled into 17 steps of 2 decibels
each., The intensity, therefore, has the range of 34 dB. Pitch dis
determined by the horizontal line, one per note, and the total time
value derived from distance A to D. From the information derived

from the pilano camera, it is possible to deduce the transerioti:«for the

piece.

Recently an aftempt has been made to elicit the same information
using an on line computer at Cambridce. This system enables one to
produce transcripts of musical score uv to the complexity of gimple

hymn/
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hymn tunes (4). A monitoring system gives data to the main program
which stores the note number, start point and duration. From this,
the musical note value is determined and is displayed on the visual
display unit (V.D.U). An example of this display is given in Fig.
1.8 The system designed at Cambridge is similar to the work des-
cribed in the present thesis. Both systems must monitor the action
of a keyboard and store the information until sufficient data is
available for processing, Software design involves the compilation
of a progrem to process the data to give a printout. The main diff-
erence between the two systems lies in the data processing techninue.
Using the interactive approach, data is processed on-line, i.e. during

the performance.

The fundamental restriction of the interactive approach is prov-
ided by the on-line computing requirements. Hence the practical
examples are restricted by computation speeds to the simplicity of
simple hymn tunes. However, the system to be described in the pres-
ent work is not restricted in this manner. This is a direct consequ-
ence of the fact that all computations are performed off-line, data
being stored on a cassette system during the performance and subsequ-

ently procéssed off line,

At present, work is being performed to interface a pianola with
a computer. The object is to replace the music roll by a cassette
tape. Although not directly connected to the following system, cert—
ain similarities arise and information received (9) has been of great

use in designing the system described in the following chapters. The

system/
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system to be described has potential applications in providing a
musical score, musical composition by computer and as a teaching
aid. The primary aim is, however, to provide an automatic trans-

cription for music composers and publishers.
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Chapter 2. Possible Methods of System Design

The object of the project is to produce an automatic transcription
of a piece of music, played on a keyboard instrument. Consideration

must be given to two main factors:

1). How many notes can be played at any one instant?

2). What are acceptable upper and lower limits for note timing?

Due to a high rate of keyboard scan being necessary and possibility
of up to 12 or 14 notes being played at any one time, an off-line data
processing gpproach is to be used. The project can be, therefore,class-

ified into 4 sections agas follows:-

1). Date from keyboard to storage medium.
2). Type of storage used,
3). Possible ways of processing the information.

4). Determination of sampling rate.

2.1. Data from Keyboard to Memory

If only single notes were to be plaved at any instant, the action
of a diode matrix would be most effective as shown in Fig. 2.1. This
is not, however, suitable for playing more than one note at any instant,
a situation whieh results in ambiguity. With reference to Mig. 2.1.,
an output of 01111 could represent switch 15 closed, switches 11 & 12

closed or even switches 8, 4, 2 and 1.

In order to monitor the states of multiplicity of keys at any instant

in/
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in time, two possible approaches exist. The first is to scan along
the keyboard at a rate much faster than a performer can move a key
through an ON-OFF-ON! sequence. Fig. 2.2. shows a data selector, by
means of which multiple inputs are enabled sequentially and presented
at output Z. The output of the 6 bit counter determines which input
is ensbled, With reference to Fig. 2.2., 64 inputs are shown and,

say, for note number 18 depressed, logic 1 will be present at Z when
the counter output engbles input No. 18. For all other counter values,
the output at Z is logic O, Another counter monitors the number of
scans conpleted., The informstion recorded is stored in the following

form:

fote Values Scan Number

For example if notes 4 & 5 were played during scan 9 and notes 4 & 7

on scan 10 the following information would be recorded in memory using

6 bit binary code.

000100 000101 001001

bingry equivalent binary equivalent binary equivalent
for note 4 for note 5 . for scan 9
000100 000111 0011010

binary equivalent of dgta for scan 10.
In order to avoid ambiguity when no notes are pressed, dummy notes

could be added to indicate the end of one scan.

The second possibility is to monitor the states of all the keys at
any one instant as shown in Fig. 2.3. Informetion is loaded in parallel

into a shift register and shifted out serially to the storage device. /
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For a keyboard length of 120 notes, say, as in Fig. 2.3., 120 bits of
information will be stored for each scan, logic 1 for a note pressed,
logic O for any note not being played. Again, dummy notes could be

added at either end of the scan in order to produce a bit-marking code.

Extending the first possibility, the selection of each key in turn
allows its state to be monitored, Given that the maximum number of
keys depressed at any interval in time is 10, the available memory could
be divided into 10 fields as in Fig. 2.4. TFor a time intervalt , each
note present is fed to a separate memory field, and dummy notes added to
complete the line of data if necessary. The field line is incremented
and on the next scan, the new data is deposited in the next line of
memory. Modifications exist in that a 2 x 120 bit memory could be
introduced to compare the previous scan with the current scan. 15
equality exists then a counter is incremented and as no duplication of
lines of data are made, a more efficient use is made of the available

memory.

Another possibility within data selection is to allocate each note
a section of memory. As shown in Fig. 2.5 each note is enabled sequen-
tially and for a note pressed, the contents of the free running counter
are deposited in o< , thus indicating when the note was pressed. Hach
time that note is enabled, the contents of the free running counter are
deposited in P until the key is no longer depressed. If the note is
again depressed then the time of pressing is stored in ¥ and the time
of ceasing to be played is stored in A . The data can later be proc=
essed to give the following information: at time O<¢ , that note was

held for duration (B -oc) and at time ¥ , it was again pressed, this

time its duration was (& - 5')./
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Disadvantages arise in data selection in that the control unit for
directing the information to storage becomes extremely complicated. This
introduces a high error rate. A lower error rate is found in the method
of monitoring the states of all the keys concurrently and transferring
the information to storage as shown in Fig. 2.3. In processing the
information, data selection could be of great importance if a hardware

approach is to be used.

The concept of monitoring the states of all the keys at timest,, t, . ...

. t,is accepted as the more efficient. i4s in Fig. 2.3. the states of
all the key outputs are loaded into the shift registers in parallel then
transferred by shifting right into the memory device. Here the

information can be stored indefinitely until processing can take place,

2620 Choice of Memory

The computer to be used, a Pdp8/e, has an 8K store, each word being
12 bits long. Storing data in remaining store once the program is loaded
would be equivalent to 20 seconds worth of play, so the store of the com-
outer is insufficiently large. In order to permit information represent-
ative of a 10 minute performance, 1l.44 Mbits of storage are required.
For such a storage capacity, a tape recorder must be used. One further
requirement is that the tape recorder can be either played back at a suf-
ficiently slow speed so no information is lost or the tape recorder can
be stopped and started without loss of information, It would, therefore,
be advantageous to have a multi-speed recorder with a motor step facility,

known as forward skip.

2% Possible ways of processing the information

The original intention of the project is to obtain alphanumeric out-

put of information, for example, A%#2 would be the printout for the note

A/



A sherp in octave number 2. To produce this, data is fed to the
computer and on receipt of data indicating notes being played, a loolk—
up table is used to give the ASCII code for the relevant characters.

In addition, a purely numeric code of the data could be printed out on
data tape and used in a transcription program to give a staff notation
printout of pitch and musical time value. Both alphanumeric and staff
notation printouts are obtained and all software considerations are

described in Chapter 5.

2.4, Sampling Rate Considerations

The main factor involved is that no keyboard musician has been
recorded scientifically as plaving keys at a rate of change greater
than 15 per second. (1) In order to monitor all key state transitions,
therefore; the keyboard scan rate must be>15 scans per second. The
upper limit on scan rate is governed by the maximum data rate of the
tape recorder, A digital tape cassette recorder has an upper data
rate limit in the order of 2.4 Kbits/secona, so for a keyboard length
of 120 bits, the upper limit is set at 20 scans per second. Musicians
do not always play at high speed and for a slow piece of music, it
would also be advantageous to have a slower data rate in order to save
Wastgge of tape. It is already necessary for the tape cassette system

to be multi-speed and for slow musical works, more information can be

stored on the cassette, In conclusion, data rates will be set as I, Ny -

determined by the cassette recorder maximum data rate, information will

“Nig

be loaded in parallel into a shift register, shifted serially to a digital

tape cassette recorder and stored until the performance ends. In off-

line mode, data will be directed to the computer for processing to zive:-

a) an alphanumeric printout

b) a staff notation printout
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Chaoter 3. General Description of System

The block disgram of the system is given in Fig. 3.1. Information
is monitored by the interface unit and recorded on the tape recorder.
At a later stage the informgtion is played back off-line, to a computer
where it is processed to give a display of the music. The keyboard
consists of 120 keys, the action of each of which must be monitored by
the interface unit and the data shifted serially to the tape recorder.

A master oscillgtor operates the unit, the master frequency being governed

a) the samonling rate

b)  the data rate of the tape recorder

As shown in Fig. 3.2., the unit must not permit any data to be recorded,

until the note has been pressed for the following reasons:

a) wastage of tape

b) It would be impossible to tell which character denotes which set
of notes as one keyboard length comprises 15 characters at 8 notes/
character. The unit must also monitor the fact that 120 notes
have been serially shifted before permitting the next set of data
to be loaded into the shift register. The informgtion must then

be arrsnged in an acceptable form before being recorded.
o (=)

The tape recorder is the Termicette 5100 by RACAL. Its operation
is to accept data at the rates of 30, 60, 120, 1€0, and 240 characters/
" second (5). The signal levels for recording information are given as:-

Bingry 1/
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Binary 1 )

Mark ) - LB s T L I
Off )
Bingry O )
Space ) - 4+ 3V & < 415V
On )

The range ( —3vV < U <43V ) is the excluded band of the transition
region. Operation of the Termicette is in 3 modes. i.e., local, line
and line-non-print. For each of the relevant modes, duplexing consists
of half or full duplex. The requirements of input and output matching

impedances are R._ > 300n and R < 2.5nF,
in ou

t t

These values are derived from the RS 2 32 Standard Interface manual (6).

> 3Kp, with C
ou

For no note pressed within any chgracter, that character is treated
as a "space" by the Termicette and ignored. This factor would cause an
error in the recording, so all information is inverted and the error
character will only appear if ail notes are pressed within the character.
Ambiguity might still arise but, musically, the probability of this
occuring is very low. In order to record the information, the data
character is composed of a start bit (space), the 8 information bits
followed by 2 stap bits (marks). Character formation is accomplished by

a pulse interrupt system, described in detail in Chapter 4.

Having recorded the information, the data is played back to the
computer 15 characters at a time and compared with the previous 15
characters, The computer is a Pdp 8/e. If equality exists then a
counter is incremented. When inequality exists, an alphanumeric print-

out is made of the notes played followed by a time value N. N is measured

in/
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in 0,05 second intervals. The keyboard is divided into 10 octaves,

each of 12 notes. The first octave is numbered O, and the second numbered
1 and this continues to octave 10 being numbered 9. By this means, the
alphanumeric printout only requires a 1 digit to define the octave number.,

The notes in any one octave are termed in the following manner:

NOTE: 1 2 3 4 5 6 ¢ 8 9. 10" - 11 12

e R T R N e

The reason for chosing DH as apposed to E flat is to remove the problem of
finding a teletype with the character "b". As an examvle of the printout,
if a lozic 1 were encountered at notes numbered 27, 30, 34 and 37, then the

chord D .
m

o is being played and the teletype is instruéted to print the

following for one time interval:

D2 72 A2 C3 1
where 1 denotes the number of scans for which that formation of notes had
been held. If the same set had been pressed for 0.75 seconds, then at 20
samples per second, this printout would be obtained:

D2 F2 A2 Cc3 15
Further, by summing the duration of each continuously held note, thereby
finding the total time depressed and multiplying by a constant ¥, a
numerical real-time value, t, can be obtained. ¥ is determined by the
selected rate of scan and t must fall within a range of values, thereby
deciding the value of the note, e.g., crotchet, quaver. This is done

automatically in the staff notation transcription program discussed in

Chapter 5.

A useful addition to the circuitry is the playback facility. The

information/
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information is played from the cassette directly back to the keys. An
immediste indication of the music content is given to the composer and this
facility also permits stopping the tape recorder and editin~ out mistakes

before finally making a transcript.
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Chapter 4. Detailed Design of The Transcription Unit

The schematic diagram of the transcription unit is given in Fig. 4.1.

Information from the keyboard is monitored by two units. Initially,
the "NOR" function enables the master clock, by means of a latch
circuit and use of the "AND" function. The master élock clocks the
ring counter and counters. Information is also monitored by the
Latches and fed to a shift register in pasrallel fashion. The data is
then serially shifted to the Termicette vulse routing system. In this
section, 11 bit words are formed using 8 bits of data surrounded by 2
stop & 1 start pulses. The data is now prepared for recording on the

Termicette Tape Recorder. Fach section is now discussed in detail.

At The Master Clock

In order to use Transistor — Transistor logic circuits (7.7.71.) as
much as possible, the Master Clock was designed using an SN7413 Nand
Schmitt Trigger arranged in astable mode as in Fig. 4.2. Operation of
the clock is as follows: on switching on the capacitor voltage A is at
O volts, thus B is at 45 volts. The capacitor C will charce up through
registor R towards +5 volts. As A increases in potential, the Schmitt
gate triggers at 1.7 volts and the potential at B falls immediatly to O
volts. Capacitor C now discharges throush R until potential A reaches
0.9 volts, whereupon the gate retriggers and the potential at B rises to
+5 volts, Input and output waveforms are shown in Fig. 4.3. The
value of C = 91nF and R = 3904 give a period of 41.66 psec. i.e., a frequency
of 24 KHz. This is exactly 10 times the 2.4 KHz required to monitor the
states of 120 notes at a rate of 20 times per second. The value of 24 ¥Hz
is necessary as between the end of one scan and the beginning of the next,
shift registers and latches must be loaded, counters reset and this requires

an extra batch of pulses, as shown in Fig. 4.16,
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A master £ fequency of 10 times the required operational frequency also
reduces the error involved in setting the resistor and capacitor values,
€.8., an error of 200 Hz in 2.4 KHz implies a meximum of 2.6 KHz, whereas.
the same error in 24 KHz, divided by 10 means a final value of 2.42 KHz.
In operstion the maximum error permissible for the Termicette is + 2%,

i.e., within the range of 2.352 KHz and 2.448 KHz.

4.2, The Iatches

The latches referred to are resettable data latches. A set of six
is gvailable im the SN74118 package. The circuit is shown tozether with
the truth table in Fig. 4.4. Thé action of the latch is to permit infor-
mation from A to B (B = E) if the reset iz a logic 0, but, the information

at B remains unchanged regardless of A , if the réset is at lozic 1.

4353, Ring Counter

The ring counter is formed from 5 SN7476 duval J-K flip-flops, i.e.,
10 bits long. The flip-flops are linked in series as shown in Fig. 4.5.
The gction of the ring counter is that the flip-flops are initially cléared,
thus all Q are at logic 1 and the inpdt to J1, is therefore, at lozic 1
(hizh). When the counter is clocked, Q1 changes state to high, the input
to J1 is still high so on the next clock pulse, Q1 again chanses state to
logic O (low). Qz is now high so the input to J1 goes low and remains as
such until the high state has been clocked along to Q1O. The agction is
then reveated. This circuit is known as the self-correcting ring counter,
It also serves the purpose of providing the required divide by teh. Any
pulse number, e.g., pulse No. 6 referred to in the tert is derived ®rom the
J-K flip-flop in the ring counter, so pulse No. 6 is the Q output of flip-

flop 6. All pulses derived from the rin~ counter are shown in Fig,

~
®
Py
(02
L
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Al Counters

Initially two counters are required. The first is a modulo - 120
to monitor one scan of the keyboard being serially shifted to the memory
device. This comprises 2 SN74191 4 - bit binary counters. On a count
of 120, the couhters are reset to zero after the ring counter latch pulse
No. 6 and shift register load pulse No. 7 are enabled. The counter reset
is derived from ring counter pulse No. 8 as shown in Fig. 4.16. With
reference to Fig. 4.6., the counters are connected such that the second
counter is enabled only by the ripple count of the first. They are
clocked by pulse No., 5 of the ring counter. When a count of D

T2

Cé' is attained, point A goes low so point B goes high in Fig., 4.6. The
Iatch pulse is engbled, followed by the shift register load pulse, Poth
these pulses are later inverted by SN7440 Buffer Nand gates to produce a
negative going pulse for the latches and a positive going pulse for loading
the shift register. Ring counter pulse No. 8 plus a high gt point B

provide the counter system with a reset and point B returns to a low, thereby

disgbling the reset and loading pulses.

The second counter is a modulo-8 unit to monitor 8 bits of informetion
being formed into a character for storage in the Termicette. Pulse No.b6. is
again used to clock the counter, an SNT7491. It is initially set at a count
of 8 in order for it to be reset to zero once the system begins to operate
but not before, due to the fact that the first piece of information the
Termicette must see is a start pulse. Otherwise, a contiﬁuous error would
be caused in the recording. The manual reset is, therefore, applied to Din
as in Fig. 4.7. When the switch is pressed, Din sees a high as the load
pin is enabled, so Dout goes to high. On releasing the switch, Din sees a

low, s0 on automatic reset Dout will be set to zero. The counter is/
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is automatically reset using pulse No. 4 of the ring counter.

Two other counters are used. The first is an SN7493 modulo-16
asynchronous counter, clocked by the master clock as in Fig. 4.8. For
a master freguency, 10n, possible rates of scan are n,n/2, n/4, n/8 and
n/16. For any output chosen from the counter, that output becomes the

master freguency and is fed to the ring counter.

The last counter used is an SN7490 modulo-10 counter. This is
clocked by the chosen sampling rate master frequency and is used to ensure
a correct duration of stop and start pulse levels, before data shifting is
enabled as shown in Fig. 4.9. The clock to the modulo-10 counter is ind-
irectly enabled by the output of the modulo-8 counter of Fig. 4.7, and on
receipt of 10 pulses, the all-zero state is monitéred at A7in Pig. 4.9
and two stop pulses are clocked out to the Termicette, followed by the
start pulse of the next character. A start pulse "AND" a count of 9 at
point B (thus ensuring a sufficiently large pulse width) causes 8 bits of

data to be shifted serially to the Termicette, then the system is re-enabled.

4.5. Pulse Interrupt System

The schematic for this is given in Fig. 4.10. The system is pre-set
to enable AA to pass pulses to clock the modulo-10 counter. This counts
to 9, the durationlof the start pulse, the level of which is generated at
the divide by 4 unit, composed of 2 J-K flip-flops. Output BB then goes !
low, clearing flip-flop XX and resetting the modulo-8 counter. The flip-
flop XX with QXX low disables the master clock to the modulo-10 counter
and enables the master clock to ring counter circuit. This allows 8 bits

of information to be serially fed to the tape recorder, at which vpoint the

modulo/
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modulo-8 counter output clocks Ehe J-K flip-flop XX. The clock to the
nodulo-10 counter is wrestored and the ring counter clock is disabled.
Having reset the rest of the circuit already automatically (£ 4 unit
to 01), two high pulses followed by é low level are directed to the
Termicette. These constitute the two stov and 1 start pulses. The

system then returns to the ring counter enable mode and more data is recorded.

The inverter near the final outout is due to the gfore mentiéned
fact that a character of all zero bits is isnored, thus causing an error.
Signal levels must finglly be changed from losic levels to B.T.A. standard
of + 8 volts. This is accomplished using the circuitry shown in Tig. 4.11.
An output of logic O, Ov. switches T1 "off" which, in turn, switches "off"
T2. The potential divider circuit of 237.3K resistors, therefore couse
the output to be = 8 volts. For an input of logic 1 , +5v, transistor T
switches "CN" Turning T2 "ON" into sz&turation. The output is at +8 volts
due to V out = Vee - Vce(sat)2 =V (470a) . Thus the tape recorder is pres-—

ented with acceptable voltage levels.

4,6, System Bngble

In tke main circuit, all clock pulses are disabled until the firsi: note/
notes are pressed. This is gccomplished by the "NOR" function of 120 notes
as in Pig. 4.12. The circuit comprises 3 8-input NAND gates, the outputs
of which are inverted then the NAND function is again made of those outputs.
Following a final inversion of the data, a logic 1 is seen at Al for no note
pressed, a logic O when any note is plaved. Two octaves are shown, i.e.,

24 inputs and 5 such circuits are combined using the "AND" function as shown
in Pig. 4.13. and fed to a latch circuit. When any note is pressed, a low

is seen at the input to the latch. A high is, therefore, produced at the

output/
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output which enables the master clock and recording begins,

ale The Shift Register

This is built from 30 SNT4179 Integrated Circuits (I.C.'s), 4-bit
paralled-in, parallel and serial out shift registers. The output of the
most significant bit of one shift register feeds the serial-in of the next
as shown in Fig. 4.14. Clocking the shift register must not be permitted
before the load or shift emnables are set. Shift and load enables, are,
therefore combined using "OR" logic, then the "NAND" function is made with
the master frequency. Final output of the shift register clock arrives
after the enable has been set. The shift register receives 120 shift
right pulses between each load pulse. Suitable buffering for the clock

pulse is achieved using an SNT473 NAND gate I.C.

4.8, Playback

This is accomplished by forward skipping the tape recorder 15 times to
give one complete information set and shifting the information into the shift
register. Once all 120 bits are present, another set of latches are enabled
and the outputs of these are linked to the keyboard keys. The circuit for
this is given in Pig. 4.15. In "record" mode, the key information is fed

to the following components:

a) the 8-input Nand gates as shown in Fig. 4.12.

-

b)  the Latches (1) as shown in Pig. 4.15.

The Nand gates monitor whether any note has been pressed and once

Pleying commences have no further operation. The latches, however, are

reset/
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reset at a frequency of 20 Hz, which is sufficient to monitor all the
key changes. The outputs of these feed the inputs to the shift registers,

information being serially shifted out (between reset pulses to the latches

(1))

In playback mode, information is directed from the tape recorder to the
Serial-In of:the first shift register and shifted right 120 bits at a time.
Once 120 bits have been shifted in, the same latch pulse is uséd but in this
case is directed to latches (2) which causes the data to be fed to the keys.

Any logic O present at a note input will cause that note to be playved.

The inverter and Nand gates to which load, shift enables and master
clock are connected form the logic by which the shift register clock pulse
arrives gfter the enables have been set. Tor "record" facility onlyv, 7
boards are required, i.e., 5 dual-octave bogrds, each with 24 latches, 24
bit shift register with necessary inverters and buffers form the monitor
system for the keyboard. One board comprises the ring-counter, modulo-120
counter with the "AND" logic for the master clock enable and buffered out—
puts from the ring counter, The final board consists of the Termicette
Pulse Interrupt System and Mgster Clock. Further practical work has been
done to form Printed Circuit Boards P.C.B.) of 3 bogrd types. The masks
for the bogrd patching are shown in Appendix H. Suitable housinz for the
unit was designed for the Automatic Transcription Unit and the finsl unit,
composed of power supply, P.C.B. and relevant connectors is shown in the

photograph of Fig. 4.17.

4.9, Interfacing

The/
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The transcription unit is interfaced such that it can be linked to
any of 3 keyboards. The organ keyboard has T.T.L. compgtible switching,
go no interface problem is encountered. It is shown with the Termicette
and Transcription Unit in the photograph of Figz. 4.18. The dummy key-
board in Fig. 4.19. has been built so that any key pressed will cause the
output to fall from logic 1 to logic O. Concern arises with a piano.
The requirement is a portable switch that will be sufficiently sensitive
to key movement but not affect the action of the keys. It must also be
sufficiently small so as not to hamper the pianist's movement. Such a

proeblem provides a stimulus for future research,

Thus for a keyboard instrument, the states of the keys will be monitored
at a2 maximum rgte of 20 per second, the information formed into 8-bit char—
acters and stored in the Termicette Cassette tape recorder. The data is
later played back to the computer and a hard copy of the tape contents is
made. This involves some hardware, but mainly software and is discussed

in Chgpter 5.
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Chapter 5. Computer Processing of Data

D.le

The first section deals with the problems involved in data transfer
from Termicette to computer. With reference to Fig. 5.1., a siznal is
sent to the tape cassette which causes an 11 bit word to be presented at
the interface of the comnuter. The siznal sent by the computer is &
forward skip pulse A, as shown in Fig. 5.2. This causes the Termicette
to feed two outputs, XX and YY as shown in Pig. 5.2. Output XX comprises
the 8 information bits (D o K), a start bit B and 2 stop bits C. Cutout
YY is o burst of 11 clock pulses used to feed output XX into an 11 bit shift
register; The relevant 8 bits (the information bits, D to K) are then
buffered using SNT74%7 Nand Buffer gates and fed to the computer T.T.L. input.
For purposes of forming a 120 bit word, 15 such forward skip pulses, A in

ig.

)_x_J

T

2., are sent with a sufficient delay, so as not to cause overlap of
any € bit word with the next, The 120 bit word is then stored in 10

computer word locations, each word being 12 bits long.

5.0 Alphanumeric Display

The second seétion in this chapter is concerned with processing the
dgta to give alphanumeric display. As described in the previous section,
two 120 bit words are loaded into the computer. The first is read into
Array A, the second into Array B as in Tig. 5.3. A check is made for
equality between the contents of the arrays. If equality exists, then a
counter is incremented by 1 and new information is loaded into Array B.

The check for equality continues. Once a state of inequglity exists, the
contents of array A are printed in alphanumeric form followed by the counter

contents. The alphanumeric printout is achieved by measuring along Array/
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Array A as in PFig. 5.4. For each logic 1 in the array a note will have
been played. Left X equal the corresyonding location. Successive sub-
tractions of 12 from X follow until X < 12. The number of subtractions
dictates the octave number, N in Fig. 5.4. The resultant X ié used irn a
look up table and X dictates the alphanumeric printout. For examnle, a
logic 1 in locatiomns, 1, 13, 25, 29 and 32 of Array A would result in the
following printout:

co C1 c2 E2 G2 5

The number 5 repfesents a possible output from the counter, COUNT in

2 B

Pig. 5.3, One example of a piece of music transcribed in this form is

&)

13007 BLOCZ" by Dudley Moore, and is shown in Fig. 5.5. Other examples
gre provided in Appendix D. FPig. 5.6. comprises the same example using

the staff nctation format which will now be discussed.

Dede Staff Notation Printout

A program has been written in ALRCL for the ®lliott 4100 comouter in
co-ordination with a graph plotter. In order to explain the action of
this program a general schematic is given in Pig. 5.7. Procedure. STAFF
draws the stafflines. Procedure TREBLE plots the treble & bass clefs.
Procedure NOTE is responsible for plotting note type and note position.

Key signature is plotted using Procedure SGITRE.

Initially, staff lines gre plotted followed by treble & bass clefs.
Signature is now added. Note data is read and processed to give a total
time value for each note in the first row of data. From this information,
the note type is established, its position fixed and the relevant accidentel,
if any, is added. Procedure NOTE is called for each note in the first row,

the notes are plotted and more data is entered. A check is made for the/



“Dfe

the requirement of new staff lines agnd the preocess continues.

With reference to Fig. 5.8., Procedure STAFF, when called plots 4 sets
of 5 horizontal parallel lines with the relevant spacing between each set in
accordance with accepted staff notation. The space between each line within
a set is 0.3 cms thus determining the minor digmeter of the ellipse to be
drawn for each note., With thg staff lines plotted, the first two staves
require the treble clef sign, the lower pair reguiring the bass clel sisn.
The treble clef is explained with the ajd of Fig. 5.9. An grec of 210 is
plotted gt a radius of 0.2 cms, then from a new centre point another arc of
210 is drawn at a radius of 0.3 cms. This gives the effect of a spiral.

A diagonal line is then plotted to the highest staff line in the set. A
semi-circle is subsequently plotted, continuing with a vertical straight-

line 1.5 cms long to bisect the spiral. With centre D as shown in Fig. 5.9.,
an arc of 180 is plotted and a small circle centre © is then added and
finally filled. The result is the treble clef sign. In order teo display
the bass clef sign, the following procedure must be used. With reference

to Fig. 5.10., a circle of radius O.1 cms is drawn then filled. At new
centre G, a 216) arc is drawn, stémming from the circle. A straight line

is plotted at a tangent of 1.5 with respect to the Y axis followed by a line
of tangent 0.75 with respect to the Y axis. By this means, the bass clef

sign is displayed.

Key signature is now added. With reference to Fig. 5.11. a number X2
is read into the procedure SGNTRA. The number is O for key "C%. For a
sharp key, X2 is the number of sharps and.is given a negative sizn. Similgrly
for a flat key, X2 is the number of flats, but is given a positive sisn.

Bach accidental has its own co-ordinates preset in procedure SANTRA and the/
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the wariable X2 only governs how many will be plotted. The final procedure
is procedure NOTE (K1, K2, K3, K4, V). It requires the following infor-—
mation. The variable K1 eguals the note number (1SK1<120); K2 determines
the number of quaver tails to be plotted; K% is responsible for type of
accidental if any; from K4, time plus a half notes are "dotted" and YN
determines the distance along the stave. As in Pig. 5.12., note pitch is
determined by subtracting 12 from K1 until K1i no longer exceeds 12. The
number of subtractions, multiplied by 1.05 cums, plus a value for the result-
ant X1, gives the pitch value. The value for K1 is taken from a look up
array of values which depend on key signature. Thus a set of values for X
and Y coordinates are resolved and around this point (¥NC, YNC), an ellipse
is drawn with major axis radius 0.2 cms, minor axis radius 0.15 cas. FProm
K2, the note type is established and for minim or shorter time value, a tail
is drawn. For crotchet or shorter time the note is filled. This is accom-
plished by plotting (YNC+2C0S(AN),XNC+0.15SIN(AN)) alternately with (YNC+0.2
coS(7r—AN) ,XNC+0.15SIN(7T =AN)).  The angle, AN, steps from -9 to +9C
thereby filling the ellipse. The value of K2 dictates the number of guaver
tails, if any, from one for a quaver to four for a semi-demi-semiquaver.
Time plus a half notes are "dotted", this being governed by variable XK4.
Leger lines are added to notes between staves and finally, the relevant
‘accidental is drawn, determined by K3. This is read from an array of

accidental values synonymous with PITCH,.

In thé main part of the program, the first stage is to read the
minimum and maximum values for a semi~demi-semiquaver. From these the
other note-type values are calculated as shown in Fig. 5.13. The value
K6 is then read, this governing the key signature, followed by the note

data being entered into arrays for storaze. Twenty lines of data are/
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held in storage at any one instant and it is considered that no more

than twenty notes will ever be played at one instant. The arrays

must be formed each 20 x 20, one array A containing the note values,

the other B, that relevant note's time value. The former must also
contain information regarding the number of notes in any row. In con-
clusion, Array A is chosen A ( 1 : 20, 1 : 21) and Array B ( 1 : 20,

Jize 20) as in Fig. 5.14. A line of data consists of the number of notes,
NV, their values and the time value, NT. Nineteen such data lines are
read in followed by a separate "READ" statement for the twentieth. Once
the first row of data is read it is processed then plotted, followed by
all rows 4, B (X,y) being stepped up to A,B (X—1,y), the first row is over-
written and new data is introduced into the 20th row. The number 21 is

a terminating number and once A (20,21) = 21, no more data is read. Once

it appears in A (1,21) then the program has finished as shown in Tig. 5.14.

The data is processed in the following manner, With reference to Fig.
5.15. for each note in the first row, a search is made through the second
row for equality of note number in that row. If equality exists, then the
time value for that note in the second row is gdded to that of the first,
the note plus time value is deleted and the number of notes becomes one
less. For that same note, the process is repeated through the third row
on until no equality exists and a total time value for that note's duration
lies in the first row of Array B. This is repeated for all the other non-
zero values of the first row. These notes are now ready to be plotted.
With reference to Fig. 5.16., the time value for each note in Array B (1,Y)
is compared with the time intervals as given in Fig. 5.13. giving a time
value for K2, K1, the pitch value, equals the note number. K3, the

accidental, is derived from a look up Array in conjunction with K1 and K4/
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K4 is again decided from the values given in Pig. 5.13. One further
get of restrictions prevail: If the note is less than 12 units smaller
than the note above then no quaver tails must be dréwn and if the note
valvue is less than four units smaller, the note must be stepped to the
right hand side of the note tail, the convention chosen being all tails
upwards, to avoid confusion on this point of detail. Procedure note is
called for each non-zero value in fhe first row of Array A. At the end
of each line of music new staff lines are drawn with clef and signature

added. The process continues until all the data has been plotted.

The program listing for staff notation printint is given in Appendix C.
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CALL PROCEDURES.
STAFF, TREBLES

EIGURE 5.7

DATA

NO

remaining
data

process

Program Block

Schematic



DRAW 5 PARALLEL
HORIZONTAL LINES EACH
25cms LONG  0-3cms APART

STEP DOWN 0-9cms J

DRAW 5 MORE LINES Ta §
THE ABOVE SPECIFICATION |

STEP DOWN O0-EBcms

DRAW § MORE LINES 70O
THE ABOVE SPECIFICATION

J

STEP DOWN 0-9cms J
I R

DRAW 5 MCRE LINES TO
THE ABOYE SPECIFICATION

JOIN LLHS.LINE 1 TO L.H.S.
LINE 20; R.HS. OF LINE20
70 RHS OF LINE1

e A SRR R TGS i
v
/ \\
‘
{ END |
$ /

FIGURE 5.8 PROCEDURE"

STAFF



| BEGIN \r +Y
\

Set radius 0-2cms
Dotermine centre A  §
Draw arc 210 to O §

SO R A S

Centre B=A_0-1 cms
Radius = 0-3 cms !
Draw arc 0 to 216 @

Set X to X-0-95
Y=1:2cms [N
Plot(X.Y) PEN DOWN

ALt R Y

Set radius 0-1ecms
Centre C 5
Draw arc 0

(%

X= X+ 1.5 cms
Plot {X)Y) PEN DOWN £

Cenlre D radius 0-1em
Draw arc 0 to 130

¥
CentreE,radius 0-05cm
o
Draw circle 1 @/

and fill in

CES TR

REPEAT AT
X= XSt 3-0cm

EXIT TO BASS

e S S TP T T &

EIGURE 5.9  PROCEDURE - TREBLE



X=XS+ 42

)
j

F, radius 0-1 cm
and fill.

Draw arc
radius 016 cm i
180to-30.centre G

X=X+0-3
V=¥ ~02
Plot (XY) ;

X=X +0-3
Y=Y-04 )
Plot (X.Y); ;

REPEAT BASS

AT
X = XS+ 63,

FIGURE 5.10

L 4

v +X

'ROCEDURE

+Y

BASS



Plaot

Y2

Flat

Times

f
Plet
e

Sharp

Times

i n
FIGURE 5.11 PROCEDURE

SGNTRE




Y Co-ordinate
given by

Determination of note }
octave and pitch i
_from (K1)

Drew an elipse, if
time value minim H
or less,draw tail E

Time Value

Crotchet or less g
fill in

From (K2) draw quaver
tails if quaver to

semi-demi - semi- quaver
T l—e 4

i 1
For time/lo /2
Dot added
(KL)

if necessary
Leger Lines
are added

If required draw
relevant accidental 4
sharp, double shcr[:.,f'mi, !
double flat,natura (k3) &

3L TSN B S LR oA

/ oy
‘\ENDI
,I

o L
ELGURE 5 .12 PROCEDURE

NOTE

+« X

+«Y

‘V



Somidemisoh\iquuver
Time Values
Min = P Max . Q

L

Demisemiquaver TimeValues)
Min = R= Q+1
Max= $§ = R*2"(G-F"

4

Semiquaver Time Values
Min= T= S+ '
Max= 3 = T*Z‘I‘(S—R)

2

Ouaver Time Values
Min = V=U*|
Max = W =V+2%( U=7)

? »

Crotchet Time Values
Min = X «W+]|
Max = Y = X +2 %(W-y)

Minim Time Values
Min = Z=(Y *1)
Max= Z1=2Z+2¥ Y-X)

y

Semibreve Time Values
Min>2%Z

e N
/ i
A} 7.
FIGURE 5.13 Calculation

of Note—Type Time

values



Lt
\’BEGIN\,
N /

SET ARRAYS
A(1:20,1:21)
B {1:20,1120)

It

| L-SETMIN 2 ﬁ

note data lines consists

NO.OF NOTES, THEIR VALUES, NO.OF
SCANS FOR THESE VALUES

NV, NyoNg---Nuy, NT

‘READ" 19 LINES OF DATA(I=1to 19 )k

A(1,21)= NV
ALTLEENV) = N Ng Ny, e e - Nuw
L B DS i )

**ROW:= 2“ROW
h
19" ROW:= 20 ROW

PROCESS DATAl
ROW 1

NO

> Al120=21

YES

PN

/ \
rEND!
Nl

—o

FIGURE 5.14 NOTE DATA ENTERED INTO ARRAYS



/NOTE VALUE
A[1,11 = ANY NOTE
Nr IN 209 Row,

A:[Z,Nr]

NO

B8(1,1)=8[1,1] + BI2N]
BI2Nf] =0

A(2,21) = A[2,21] -1
,A[ 2,N[‘] = A[Z,Nr]*’ ‘17
Sal2Nv] Af2,Nv+1)
Al2Ny+1] = 0

SET M=3 p——

3

REPEAT ABQOVE Ma=M#1 j

4

REPEAT FOR REMAINING
NOTES IN 1 ROW

+

& N

{ END
\ 4

S

\
1

FIGURE 5.15 Data processed for Total Time Values



S <
[BEGIN }
\ /

A 74
~ -

~

FOR EACH NOTE

A[1 1J ...... A[} l] ...... AD NV]

7

COMPARISON OF B[i.]] WITH NOTE
TIME INTERVALS HENCE DETERMINATION
OF NOTE TAIL. FILLING NOTE QUAVER
TAILS AND WHETHER DOTTED

NOTE PITCH K1 = A[1,1]

/
DETERMINATION OF WHETHER NOTE
1S TO LEFT OR RIGHT OF NOTE TAIL
ALL TAILS UPWARD BY COMPARISON
WITH PREVIOUS NOTE

FIGURE 5.16  Determination of Note Characteristics
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apter 6. Conclusions gnd Further Work

m

The system was designed to monitor the action of a keyboard then to
¥ g

=

give a display of the musicgl score in terms of pitch and the time value
for the notes. This has been achieved and examples of the display are
given both in Chapter 5 and in Appendix D. The unit is capable of monit-

oring all key state changes and no transitions are lost.

Certgin drawbacks exist. Any noted mistakenly pressed will also be
transcribed since, at present, no laws of musicel tonality are used to
govern the printout. In drawing bar lines, difficulty might arise as for
a given crotchet count/minute, the musician will seldom follow that count
exactly. Time errors, therefore, arigse causing the bar lines to be incor-
rectly placed. However, if the verformer stays tolerably within the con-
straint of a specific crotchet count, the computer can draw bar lines.
Unfortunately, for some practical applications of the transcription machine,
e.2., avante garde jazz, timing within a piece both modulates and can have

~randon variations.

A further disadvantage arises in that little or no discrimination can
be made between which hand plays which note or set of notes. For this
reason, all note tails gre drawn upwards and no distinction is made between
lower and upper hand in the printout. TFor similsr reasons, no rests are
printed as it is impossible, for a particular piece, to ascertain individual
voicings. Thus rests must be gdded, subsecuent to the agutomatic traﬁscript—
ion, by the composer. No expression is pdded to the display as the systen
does not monitor the speed at which any note is pressed. The mathemstical
modelling of expression is an unsolved problem and thus cannot be efficiently

computerised. The system does, however, produce an accurate account of the/



B

the musical score and factors such as bar lines and expression can be

added by the composer.

It has been noted previously that the system gives the option of the
pre-specification of a key signsture. Unfortunately, many compositions
involve key modulations. It is not practical to account for these modul-

ations during an on-line performance, Thus this informstion must be

subsequently added off line.

A recent addition to the transcription program is the option of comp-
ensating in pgrt for human error. When plaving a chord, a musician may
press the majority of the notes before the others. If 2 literal transcript-
ion is required, then the notes are printed exactly as played. If compen-
sation is required for this small delay, a search is made for the following
condition. The eondition is that less notes exist in one line of data than
the next, the time value for the first data line is small and the notes in

the first line of data exist in the next. If such a state exists, the miss-

»

ing notes are added to the original chord and a printout is made of the full

chord.

Tuture work on the transcription vrogram could involve introduction of
the laws of music with ways of determining more sophisticated note types such
as triads, quaver strings. Account could be tasken of compound beats and
more intricate Trhythms, An outlet for future research is to reduce the
cost of the project by replacing the Termicette with a domestic stereo
cassette. The requirement is to be able to stop and start the cassette
tape without loss of information. One possible answer is to use switched

track recording. On one track, the information is recorded, on the other/
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other a clock track. After a time t , where (tx the recording rate) is
less than the available core storage, the informetion and clock tracks are
exchanged and recording continues. On exchenge, an extra pulse Y is added
to the original informgtion track. On playback, information is derived
until pulse Y is obtained. Information now in store is processed, during
which time the tape is given a slight rewind. When the computer requires
more data, playback is engbled, but, no data is permitted until recipt is
made of the pulse Y. Control of the cassette automatically would woose

few problems and a less expensive storage device would be obtained. The
cost would also be reduced with the addition of a matrix plotter to give

the display. This would be of use if g hardwsre approach were used to

process the data.

Possible research could be made into linking the Transcription Unit to
a Stochastic computer, with aspect to automatic composition, 2s with the
Illiac digital computer (2). Use of randomly generated numbers is ideslly
suited to the stochagstic computer. Two possible approaches exist. One is
to set up a random number generator szs in Figz. 6.1. The numbers are fed
through n computiongl circuits. If the musical progression is tonal within
the laws set, the notes are stored in memory. Otherwise, the try again

routine is enabled. The process is continued until the composition is

complete. Each number would, in this casse, represent a note or chord.

An ajterngtive method is shown in Mig. 6.2, The random number gener-—
ator outputs digits which are converted to analog samples. On being passed
through a low pass filter, the output is an a.c. signgl which is amplified
and fed into a loudspeaker, In both cases, rules are established, but, the

computer is random within these limits.

An/
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An extension on the previous suggestions is that the computer could
be of use in semi-sutomated composition. The computer would store a list
of possible chord progressions which fit the melodic line and for a given
melodic line, different emphasis would be set on notes due to a chanze in
chord structure. Such exploration enters the realm of jazz harmony pro=

duction.

The system is in itself an aid &6 the musician and in no way attempts
to replace the composer. As a stepping stone to future research, a base
has been set for further investigation into the scientific gualities of

nusice.



Try again

s

NUMPBER
GENERATOR

B

% 2

COMPUTATIONAL

n-{ n

CIRCUITS

| S S T R R S

FIGURE 61
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RANDOM NUMBER
CONVERTER

DIGITAL TO ANALOGUE §
CONVERTER

amplitude

'“ |” ll time

F1GURE 6.2
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APPENDIX A

Program for Alphanumeric Printout




DA
BASH  TTS4 M24, -0

AA21 AAAHE  CNT, 7]
ARDO  KeAE  PNTR,  AST
G923 AAGA - DNT, a
B2 4 A3 KA, AACHG
AR2s  T766 M12, -19
BE26 7610 M174, -i73
GA2T  BFGR  CNTO, 7
AB33 G612 PNTR2, RST
G531 AAAG PNT2., ]

G032  GGAG  TIMS, G
AB33 G212 K212, 012
OM34 0215 K215, 215
AG3S  (GAG  HLD. m
AB36  AARA  PLCE., 4

a837  T7TT6 M2 -9
BALK  AHEAT  CHK, 2
GIGYAR] A25/ KOs 254

ARLD  AZED K260, 260
AANLT ao4u SFALE., 246
AL 7774 Mas -4
GIGRASS) GREYRA! OFPT,s QT
naL6  Aa2i  XDED. DECPRT
DALT ARG KPRT. NPRT
a650 Oy (4 A7) DEL s @
GAS1  AGAG  TPMS, “
AF52 BT TR BT 2
A%53  (A6ii  PITN1.  RST-1
354 BOGA PTN 4

A5 5 1T TH M5. )
56  AGAGHA  TONT» i
AAS7 T4600 K740, 7407
(3 6% "AEr7 K17, =
GILNSY! AAAN KDEL 7
7762 i A DEL T, 7

@A E3  GAGF  SHIM, g

PA6a  TT63 M5, “15

#0365 (G654 XGETNO, GETHO
AR66  BAaad  CRLF, i

67 1034 : TAD K215

AAETH LA T JMS TYPR
ZAT 1 1733 ; TAD K22

AAT2 QAT L JHMS TYRE
AT 54 A6 JHBET S CRIT
GiAT 4 A TYPF» 7 7

aRTS  6HRAL TEF
‘AT A 5T M-
BATT 6HL 6 TLS

GLen 7206 Ol

1Al 5474 JMP. 1 TYPE

ALA2  AGAG  COMMA,



3173
A1 A
#1135
A1a6
ALaT
A11a
7111
Ag1ri2
7113
A114
Biils
7116
7117
129
12t
Ao
7123
124
72125
Blee

#oaG

7241
#2023
253
(2 AN
ARas
AR 6
a2 a7
n213
h2 1t
9192
@213
214
22185
7216
2T
A229
2921
AR2e
@223
A224
ar25s
(3226
a227
N23%
n23 1
A232
@233
0234
A235
7236
N237

1341

NG
5502
AN
73070
1024
6545
6546
T30
TABA
TAGH
2054
5116
TAR7
TAAH
G50G4
AAS52
3451

1451

5536

T3@F
37163
QL1736
T 646
5232
2063
1263
1264
T UG
5262
AN 6

IREEARSR

3921

30392

1022
3623
3423
20103
2921
5224
1435
305 6
1853
30154
4136
Bl sy
A1H6H
Y10
Tal2
7042
ARs7
1454

CLK

50 7 (A
START .,

NG

LDINs

TaD KCM
JMS: TYPE
JUMP T COMMA

7

CLa CLL
TAD Kaaag
DRCO

DRSO

CLA CLL
NOP

NOP

15Z DEL
JMT e =)
NOP

NOP

DBRI

AND K3 TT
nCaA TFPMS
TaD TEMS
JMR- S GLEK

Clha. LG
peA -5l
JMS -CLK
5726 CLa
JMP DG
1872 &M
TaD =S
TAD M15
SZB GO
JME DG
TS ¢
Tab VM24
NGCa CONT
NCA TIMS
TAD BNTR
nCA PNT =
RELNT I FPNT

FLS PN

IS CNT
JMPe -3
TAD 15
DCA TONT
TAD PTNI
NCA PTN
SIS GG
DCA 1 PTN
JPS CLK
GLELESRAR

/FINISH. OF

RTR
RTR
AND K7440
TAD I PTN

RIELGISTER.



B L
;24al
n2an
m24 3
AB AL
Mo4as
A2 6
#2247
A2 54
AR 51
AR 592
A2535
P54
h255
G256
nwes57
A2 60
A2 6l
o 60
A2 63
572 &0
G2 65
G266
32 6
A EARY]
F271
4272
7273
aeTL
w275
7276
Fo 77
B3R
H36i1
A3E2
A3AL
G305
(SRA S
a2a7
#3234

P34 1
A3l

a3t 3
Ui 4

3315

G216
9317
A3210
7321

7322

323

3454
T246
13354
3354
17451
e
TG312
B3 60
3454
H10G6
TVA6
TAG G
[Aas5a
3454
T248G
1754
3054
2256
5930
2032
14202
IA23
VARG
3731
1325
33921
1423
T34
1430
T ead
52@#4
DAL
2031
2821
S0
5224
T2
RN
TROH
1092
3025
1325
3n21
3736
1423
7104
7436
447
DURE
THAG
Bules
T300

192

=
g

CObP.,

TINEATT,

NEWLOCG

NMORE .

ncAa
STA
T™™an

DCa,

TAD
BUESE
RTR

NS

nen
JMS
Elsl:
RTL
TAD
NCA
STA
TAT
nca
LS7Z
JMP
LS
TAD
neca
TAD
DCA
TAD
non
TAaD
nra
™D
706
JMP
LSz,
S7%
1SZ
JRMP
JNE
Gla
JNIS
G L
TAD
DCA
TAD
UNT 7S
ne A
VD
LI
S
JMS
LS9
S7ZA
PR

cLa

1 PTN

DTN
PTN
TPMS
RTR

PTN
RPTN
TONT
LDIN
TS
PNTR
PNT
PNTR2
PNT?2
MI2
ONT

e =PI

1 PNT2
LA
TINREQATT
[=INKS
BRNT2:
CNT
GOMP
LDIN~-4
e

I XGETNO
Caalz
PNTR
PNT
112
CNT
PLOE

1 PNT
ralL,

T ORPRT
PLOE
DHMORE
EEE



BR324
7325
5392 6
3327
7373
4331
#3332
%333
334
#4335
7336
#3377
A346
aA34 1
AR 40

[A343

Ao
AaT T
NANLAD
HHm3
Ham i
GYIRGES)
BaA6
GABT
A1
weel
T
1

AN

Ay a
aa1T
40210
aazi
.;)5/1 25
7L 3
AUD 2
ang s
BL2 6
ano 7
A434
4431
B4 32
M35
it 3/

2023
202 ]
5313
1022
3723
1230
37331
1025
3421
1423
3431
20235
2431
2@021
5335
1332
unha6
HAE6

TR

3432
5230

naAGA

TH2H

T3G3
1322

Tiden ]

1627

11036
3335
1A35
T16G4
1435
1436
TR,
AVARINE!
uyne
7501
56U
AFAA
3272
3273
32505
1264
3274
152763
3235
THy A
J2H2
TR
1272

KAAG
NPRT,

DECBRRT,

IS¢
IS%Z
JMP
TAD
nea
TAD
nNeA
TAD
nCA
TAD
nea
TS
IS4
I'SZ
JMP
TAD
JMS

T S
» X
QWn

i
¢ p

G
AN
CL.Aa

- TAD

Cla
TAD
Ci L
IDIOYAY
TAD
G
TAD
TaD
I1AC
JHS
JMS
Mon
JUITR
A

RO
neA
DO &
T
nea

PNT
GCMT
MEVLUC
PNTR
PAT
ENTR?2
PHT2
M1 2
CMT

I PMT
I PNT2
PNT
PNT2
CHT
AGN
TIMS

1 XDFRC
CRLF

TIMS
LDIN

B
PNTR

PHNT
RTL
HLD
HLD
RAL
HLD -
PLCE

LoDER
(DRSIUIGFAY

I NPRT

VALTIE
DIGIT
KS
CA
75
ANT
ARA

VELUE

VALY



72435
(343 6
3437
LG
Gravin|
ALa2
M43
% TAvANal
GIARARS)
VRN
anar
BL5%
3451
Bas2
7Ha53
@54
Gifis s
A5G
(ST
a6
AN
0l 62
AO3

oSy e

AWM 65
BA4G6
6T
AT G
AnT
AT
W7 a

et 4

BLTS

s Re1oNY]
LEAY
AEAD
AEAD

ARSI

60y
A6A6
GOAT
061
3611

vio 12
2613
614
3615
761
A5
Hne2i
A62 1
622
73623

< A

Ay e
e
W

L) N

e )
T B B
W

N
V)

RS IR
D)

(S TRV W NS § B NI TS} BN B S SO |
OV N0 0NN N0
N1 US N0 W
WARN == WG WD

BN
S

b)

L2

(931

o1

O N0 i
53
RS

s

5621
1265
AR
HA3DR
7634
7766
oS,
G2 61
0 GG
G
509

G0

AANT
7 4 04 (7
BAAR
AA AR
AR

N lntored

Yo lots!
G0
ARG
ARG

AR
uRaRold|
A KA
NARA
RGAGRY!
AN
AAADR
AR A
GAAA

BAGA

ARR,

C O,

ADR S
oA,

TENDUR,

AKO 5
UalLlTE,
DIGIT,
ChHs
MRS

* GU A
AST
a3

@3

73

s

s

s

“s

35

@3

2T
N
._.}
A

NSy

We Yo M o Me Ya Ne Yo Vo

TAD
SZE
I1S7Z
S7L
J M
cLA
Tan
TAD
SINA

T RN R

DIGIT

ARR~3

DIGIT

CKS
cLA

JMP CON
TAD DI LT

TAD
TSF

Ax 0

JMB -1
TS

Cla

ISZ CKS

nea DIGIT
187 ARR
t87 CF

JMP ORR-]
gMPp S TEDECPRT
TAD TENPWR
-/ :

~-175@
- 14
=412
-1

2 64

]

]

@



Ae24
625
S GR 6
GYSINE
H62 9
A6531
632
633
A634
AE35
AA3 6
A637
G640
6]
G2
GISYiNe!
Henn
BISYARS]
a4 6
ALT
3550
Ae51
nes2
GIsYe!
765N
4655
656
aAcs"
DAGH
AeH6a]
4662
AYa
o644
G6AS
666
AEAT
A6T4E
AGT1
AET2
Ae73
HeTa
ALT5

HET A

7303
A0
3043
"243
G304
GRGAGRG]
4304
#2473
305
505 (4
A3AG
GAAG
A3 6

243

CARA7
BAnE

ARGT
@242
M3% 1
VMg
A321
(243
BRG2
GRGRGRY)
7 03 4 04
TLRA0
=T

2023
2421
5963
ki

4446

5654

0CTs

GETNO,

373
243
RMAL

o]

3744

A

cLA
neA
TAaD
necA
TAD
NCA
Tan
Gl
VA
1287
S7.N0
JM 1=
.87
ESZ
JUIR
TAD
JMS

JHE

DRCO=6545
DRSO=/R3ASE
DRRI=6504

MAA=591
MAOL=7421

/G

/C#
/D

/G
/B

IO

/8

G LEL
CNT?2
PNTR
PNT -
M12
CONT

I PNT
AL

CiET 2

D

ENT

CWNT

N1

CNTS
TE=XDERS
I GETNO
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Program for Numeric Printout




[dTH  vOd

Ll

Lo Ayl
dWdL W Od

1]

A D ek
HdAd Sk
fare 55 bea s
e iR

dRvaH

7
LT
Wi o

SToM

19]

Ladh
by A
=

[VATAY

wI G

7C¢c

o

T

9]

7]

ANV

S HITE )
“LLTM
oM
SRS

f LI

L erEg ot
Caldd L
CONLEDYX
LI
TS

<1 7dd
crHUAM
LI
Cviviiy LA
S LB,
S
“Nld
C1NLd
SO
TSd,
cHA

T LHAX
SR UK
RVt
€RIVAS
$U9 oM
“Wmod
FHHD
ol
cqDTd
SCETTE
‘GlaoM
‘cloM
CSHIL
“olind
Gawid
COAND
PWLTW
AN
COPVT
LN
Cu LN
CTNDY
Ci7 oW
TRES

-

990¢
LG
5961
SORkY
it 2 i
LIS
Twliz
ceul
Twliy
7801
Gl
Ll 19
ol
Vi
Vil
GRIRYEY
i
7094
1QLL
Dl
Gl
Sl
Lo
TRV
Wi ({.' v
Ll
[CRORARY]
119w
LLe
Wiviin i
Vit

Wiz

G
74l
b7 ol
I RaY!
7S oW
AN
S LLL
Vit
Wil
Slci

sloh

Gl

939380

AN

Wil
Bi9 L
9Y LA
Uiy
Ulnu

WYy

S9R%RY]

7G LA

CRRYY]
i7ig 1
IRUREY
o 1y
1610
o Tl
LLwe
9 LWy
S L
I Lwd
[ 417
o LYY
1L
WLy
LO WY,
99 YL
S9 Wk
7S bin
IS0
oS Wl
[RRAY
w9 i
LS9
9 S UL
SReRe]
[ERSR Y
LS
AT
1S
sy
Lt
97
Gzl
717w
€70
IATAAG.
1iz6l
A1)
LE b
RN Y]
STyl
77U w
Cewl
G LYY
[&%%19]
[SRSRI10)
LGy
9 Gl
Scw
7 GWli
1A
G oy
R 910]
X191}



AL 6
A1 AT
“arra
7wy
7112
3113
114
4115
#4116
At
31249
121
22
A3
2125
k26
AR
4130
7131
7132
A1 33
134
4135
7136
H137
R RALS!
i &
F1an
a143
Gl erdy
Ny h5
GRAWARE
2] 4

Ay 57
AL51
7152
A153
A 54
#1155
#3156
3157
71 A4
@161
2162
7163
A 6n
@1 65
@1l 66
A1 67
G174
g1 71

167
3077
3927
1065
1790
3327
1765
7114
3765
20673
5111
ine7

710

7239
1366
753%
171

366

76048

7719
5141
1466
605411
Site34
6L G
T2aG
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THAT OLD FEELING.
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APPENDIX E

Printed Circuit Board Masks
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