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SOTMARY.

The aim of this system is to produce an automatic transcription 

of music played on any keyboard instrument.

Work undertaken is divided into 2 sections. Firstly, the key

board is monitored and information is stored in a memory device. 

Hardware is developed in order to perform this task. The latter 

section involved processing the information using software computer 

programs. Tîjo t3rpes of output are obtained, i.e. an alphanumeric 

printout from a teletype and a staff notatioh printout from a graph 

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 vras 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.

1.2. The action of this instrument is explained with the use of Fig.

1.3. The pressure at E with respect to A caused E 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. Pig. 1.5. shows 

the layout of such a roll of music. Wote pitch 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 m.usic roll has been quoted as the "film of the music camera" 

(l), but a piano camera exists (?), the mechanism of which is shown in 

Pig. 1.7., viith a drawing of a photographic output. The action of the 

camera/



camera is explained with the aid of the upper di^irram in Fig. 1.7.

Hole F represents the last 12 mms. of hammer travel before hittinij the 

key, as the hammer velocity over the last 12 mms. is practically 
constant (s). The light source J is under the film D at point E and 

point C of the hammer tail is focused on E by lens L. When the hammer 

moves, light shines through hole P then the light is blocked from the 

film bji- point A. Once the hammer has struck it falls back slightly 

but remains in a forward position until sustain is removed. With 

reference to the lower diamgram of Fig. 1.7. movement of this roll of 

film is continuous 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 hamjner to travel 12 mm. -end A plus B

the last 24 mm. Bar C represents the time of retreat of the hammer

from the string and this, together 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 E implies that the note is

not being struck. Pig. 1.7. -lower also displays the monitor of the

damper pedal. At roint G the sustain pedal was operated to sustain the 

chord. The units of A plus B are scaled into 17 steps of 2 decibels 
each. The intensity, therefore, has the range of 34 dB. Pitch is 

determined by the horizontal line, one per note, and the total time 
value derived from distance A to D. Prom the information derived 

from the piano camera, it is possible to deduce the transcript.v:>for the 
piece.
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Recently an attempt has been made to elicit the same information 

using an on line computer at Cambridge. This system enables one to 

produce transcripts of musical score up to the comnlexity of simple 

h5nm/



h3min 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 program to process the data to give a printout. The main diff

erence between the two systems lies in the data processing technique. 

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 a,re performed off-line, data 

being stored on a cassette system during the performance and subsequ

ently processed off line.

-3 -

At present, work is being performed to interface a pianola with 

a computer. The object is to replace the m-usic roll by a cassette 

tape. Although not directly connected to the following system, cert

ain similarities arise and infonnation 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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ghapter 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) . Hovr 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 nece^ary and possibility 

of up to 12 or 14 notes being played at any one time, an off-line data 
processing aPPPOach is to be used. The project can be, therefore,class
ified into 4 sections as follows

1 ) . Data from keyboard to storage medi-um.
2) , Type of storage used.

3) . Possible ways of processing the information.

4) . Determination of sampling rate.

2.1 . Bata from ETeyboard to Memory

If only single notes were to be plajmd at any instant, the action 
of a diode matrix would be most effective as shown in Pig. 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 Fig. 2.1., 

an output of 011111 could represent switch 15 closed, switches 11 & 12 
closed or even switches 8, 4, 2 and 1.

-5 -

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



iii 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 OH-OPP-OH^ 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 co^mter determines which input 

is enabled. With reference to Fig. 2.2., 64 inputs are shown and, 

say, for note number 18 depressed, logic 1i will be present at Z when 
the counter output enables input Ho. 18. For all other counter values, 

the output at Z is logic 0. Another counter monitors the number of 

scans completed. The information recorded is stored in the following 

form:

-6 -

note Values Scan Number

For example if notes 4 & 5 were played during scan 9 and notes 4 S 7 
on scan 10 the following information would be recorded in memory using 
6 bit binary code.

000100 000101 001001

binary equivalent binary equivalent binary equivalent

for note 4 for note 5 > for scan 9

000100 000111 00TO10

binary equivalent of'data 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. Information is loaded in parallel 

into a shift register and shifted out serially to the storage device. /



Por a keyboard length of 120 notes, say, as in Pig. 2.3.t 120 bits of 

information 'will be stored for each scan, logic 1 for a note pressed, 

logic 0 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 Pig. 2.4. Por a time interval t , 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. If 

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.

-7 -

Another possibility within data selection is to allocate each note 

a section of memory. As shown in Pig. 2.5 each note is enabled sequen

tially and for a note pressed, the contents of the free running comiter 

are deposited in oc , thus indicating when the note was pressed. Each 

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 cx: , that note was

held for duration (^ - oc ) and at time iT , it was again pressed, this 
time its duration was ( A  - -6)./



Disadvantages arise in data selection in that the control imit 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 shorn 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 times t„, t, . . .

___ t^is accepted as the more efficient. JAs 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,

2.2. 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

puter is insufficiently large. In order to permit information represent

ative of a 10 minute performance, 1.44 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.

-8 -

2.3. Possible ways of processing the information

The original intention of the project is to obtain alphanumeric out

put of information, for example, a 4^2 would be the printout for the note 

A/



A sharp in octave number 2. To produce this, data is fed to the 

computer and on receipt of data indicating- notes being played, a look

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.

_9_

2.4. Sampling Rate Considerations
The main factor involved is that no keyboard musician has been 

recorded scientifically as playing keys at a rate of change greater 

than 15 per second. (l) 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/second, 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 

wastage 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 N, Nj-g-’Nii, 

determined by the cassette recorder maximum data rate, information will 
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 give:-
a) an alphanumeric printout
b) a staff notation printout
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ChaPter g. General Description of System

The block diagram 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 information 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 oscillator operated the unit, the master frequency being governed 

by:

a) the sampling rate

b) the data rate of the tape recorder

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

until the note has been pressed for the follovring reasons:

a) Wastage of tape

b) It wotild 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 nest set of data 

to be loaded into the shift register. The information must then 
be arranged in an acceptable form before being recorded.

-1 0 -

The tape recorder is the Termicette 3100 by RACAL. Its operation 

is to accept data at the rates of 30, 60, 120, ICO, and 240 characters/ 
second (5). The signal levels for recording information ave given as;- 
Binary l/
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Binary 1 )'
Mark ) - _15V < aT < — 3V

Off )

Binary 0 )
Space ) - 3V < iT < 415V

On )
The range (' < 'll < + 3V ) 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 E. > 3 00-n. and R . > 3Ka with C , < 2.5nF'.in out out
These values are derived from the RS 2 32 Standard Interface manual (6).

For no note pressed within any character, 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 all 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 hj 2 stdp 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 S/e. If equality exists then a 

coimter is incremented. When inequality exists, an alphanumeric print
out is made of the notes played followed by a time value IT. H is measured

w



in 0.05 second intervals. The keyboard is divided into 10 octaves, 

each of 12 notes. The first octave is nuiabered 0, and the second numbered 

1 and this continues to octave 10 being mambered 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:

-1 2 -

NOTE ; 1 2 3 4 5 6 7 8 9 10 11 i :
C D D #  E F G G #  A Ai=f B

The reason for chosing as apposed to E flat is to remove the problem of 

finding a teletype with the character "b". As an example of the printout, 

if a logic 1 were encountered at notes numbered 27, 30, 54 and 57, then the 
chord j is being played and the teletype is instructed to print the

following for one time interval:

■ D2 P2 A2 C5 1
where 1 denotes the mjimber 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 P2 A2 C5 15
Further, by summing the duration of each continuously held note, thereby 

finding the total time depressed and multiplying by a constant K, a 

numerical real-time value, t, can be obtained. K is determined by the 

selected rate of scan and t must fall within a range of values, thereby 

decidihg 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 hack to the keys. An 

immediate indication of the music content is given to the composer and this 

facility a-!so permits stopping the tape recorder and editing out mistakes 
before finally making a transcript.
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ghapter 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. Initiall3;', 

the "NOR" function enables the master clock, by means of a latch 

circuit and use of the "AND" function. The master clock clocks the 

ring counter and counters. Informa,tion is also monitored by the 

Latches and fed to a shift register in parallel fashion. The data is 

then serially shifted to the Termicette pulse 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. Each section is now discussed in detail.

-14 -

4.1 . The Master Clock

In order to use Transistor - Transistor logic circuits (T.T.L.) as 
much as possible, the Master Clock was designed using an SN7413 Nand 

Schmitt Trigger arranged in astable mode as in Pig. 4.2. Operation of 
the clock is as follows: on switching on the capacitor voltage A is at 

0 volts, thus B is at +5 volts. The capacitor C will charve up through 

register 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 0 

volts. Capacitor C now discharges through 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 Pig. 4.3. The 

value of C = 91nP and R = 390n give a period of 41 .66 ŝ(?c. 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 KHz 

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.



A master ffequency of 10 times the required operational frequency also 

reduces the error involved in setting the resistor and capacitor values, 

e.g., an error of 200 Hz in 2.4 KHz implies a maximum of 2.6 KHz, whereas^ 

the same error in 24 KHz, divided by 10 means a final value of 2.42 KHz.

In operation the maximum error permissible for the Termicette is + 

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

4.2. The latches

The latches referred to are resettable data latches. A set of six 

is available in the SF74118 package. The circuit is shown together with 

the truth table in Pig. 4.4. The action of the latch is to permit infor

mation from A to B (B = a ) if the reset is a logic 0, but, the information 

at B remains unchanged regardless of A , if the reset is at logic 1.

-15 -

4.3. Ring Counter

The ring counter is formed from 5 SH7476 dual J-K flip-flops, i.e.,
10 bits long. The flip-flops are linked in series as shown in Pig. 4.5.

The action of the ring counter is that the flip-flops are initially cleared, 
thus all Q are at logic 1 and the inpat to , is therefore, at logic 1 

(high). Khen the counter is clocked, changes state to high, the input 

to J is still high so on the next clock pulse, Q. again changes state to

logic 0 (low). Q2 is now high so the input to goes low and remains as 

such until the high state has been clocked along to The action is

then repeated. This circuit is known as the self-correcting ring counter. 
It also serves the purpose of providing the required divide by ten. Any 

pulse number, e.g., pulse Ho. 6 referred to in the text is derived f'rom the 

J-Z flip-flop in the ring counter, so pulse Ho. 6 is the Q output of flip- 

flop 6. All pulses derived from the ring counter are shown in Pig. 4.16.
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4.4. 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 counters 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 Nig. 4.16. With 

reference to Pig. 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 coimter. When a count of A2

CU is attained, point A goes low so point B goes high in Pig. 4.6. The 

Latch pulse is enabled, followed by the shift register load pulse. Both 

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 at point B 

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

disabling the reset and loading pulses.

The second counter is a modulo-8 unit to monitor 8 bits of information 

being formed into a character for storage in the Termicette. Pulse No.6. is 
again used to clock the counter, an SN7491. 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. Otherv/ise, a continuous error would 

be caused in the recording. The manual reset is, therefore, applied to B.in
as in Pig. 4 .7 .  When the switch is pressed, sees a high as the load
pin is enabled, so goes to high. On releasing the switch, sees a

low, so on automatic reset will be set to zero. The counter is/



is automatically reset using pulse Wo. 4 of the ring counter.

T\io other counters are used. The first is an SW7493 modulo-1 6 

as3mchronous counter, clocked hy the master clock as in Pig. 4.8. Por 

a master frequency, lOn, possible rates of scan are n,n/2, n/4, n/S and 

n/l6. For any output chosen from the counter, that output becomes the 

master frequency 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 Pig. 4.9» The clock to the modulo-10 counter is ind

irectly enabled by the output of the modulo-8 counter of Pig. 4.7, and on 

receipt of 10 pulses, the all-zero stats is monitored at A in 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 "AWD" a count of 9 at 
point B (thus ensxxring a sufficiently large pulse width) causes 8 bits of 

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

-17 -

4.9. Pulse Interrupt System

The schematic for this is given in Pig. 4.10. The system is pre-set 

to enable AA to pass pulses to clock the modulo-10 counter. This counts 

to 9, the duration of the start pulse, the level of which is generated at 

the divide by 4 \init, 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 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 ooint the 
modulo/



modulo-8 counter output clocks ¡iiliei J-K flip-flop XX. The clock to the 

modulo-10 counter is restored, and the ring counter clock is disabled.

Having reset the rest of the circuit already automatically ( -i 4 unit 

to 01), two high pulses folloired by a low level are directed to the 

Termicette. These constitute the two stop and 1 start pulses. The 

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

The inverter near the final output is due to the afore mentioned 

fact that a character of all zero bits is ignored, thus causing an error. 

Signal levels must finally be changed from logic levels to S.I.A. standard 

of + 8 volts. This is accomplished using the circuitry shown in Fig. 4.11. 

An output of logic 0, Ov. switches T1 "off" which, in turn, switches "off"

T2. The potential divider circuit of 2 5.3K resistors, therefore c.ause 

the output to be - 8 volts. For an input of logic 1 , +5v, transistor T1 
switches "CK" Turning T2 "OK" into saturation. The output is at +8 volts 

due to V oixt = Vcc - Vce(sat)2 -V(i70n) . Thus the tape recorder is pres
ented with acceptable voltage levels.
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4.6. System finable

In the main circuit, all clock pulses are disabled until the first note/ 

notes are pressed. This is accomplished by the "NOR" function of 120 notes 

as in Fig. 4.12. The circuit comprises 3 8-input HAND gates, the outputs 

of which are inverted then the KAIID function is again made of those outputs. 
Following a final inversion of the data, a logic 1 is seen at A1 for no note 

pressed, a logic 0 when any note is played. Two octaves are shown, i.e.,

24 inputs and 5 such circuits are combined uning the "..WD" fimction as shorn 

in Fig. 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/



output which enables the master clock and recording begins,

4.7. The Shift Register

This is built from 30 SN74179 Integrated Circuits (l.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 enables are set. Shift and load enables, are, 

therefore combined using "OR" logic, then the "NMD" 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 SN7473 N M D  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 Pig. 4.12.

b) the Latches (l) as sho^m in Fig. 4.15.
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The Nand gates monitor whether any note has been pressed and once 
playing commences have no further operation. The latches, however, are 
reset/



reset at a frequency of 20 Hz, vrhich is sufficient to monitor all the 

key chang'es. 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 tine. 

Once 120 bits have been shifted in, the same latch pulse is used but in this 

case is directed to latches (2) which causes the data to be fed to the keys. 

Any logic 0 present at a note input will cause that note to be pla3red.

The inverter and Hand gates to which load, shift enables and master 

clock are connected form the logic by wliich the shift register clock pulse 

arrives after the enables have been set. For "record" facility only, 7 
boards are required, i.e., 5 dual-octave boards, each with 24 latches, 24 

bit shift register with necessary inverters and buffers fonn the monitor 

system for the keyboard. One board comprises the ring-counter, modulo-120 

counter with the "AHD" 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 Master Clock. Further practical work has been 

done to form Printed Circuit Boards (P.C.B.) of 3 board types. The masks 

for the board patching are shown in Appendix E. Suitable housing for the 

unit was designed for the Automatic Transcription Unit and the final unit, 

composed of power supply, P.C.B. and relevant connectors is shown in the 
photograph of Fig. 4.17.

- 2 0 -

4.9. Interfacing 

The/



The transcription unit is interfaced such that it can he linked to 

any of 3 keyboards. The organ keyboard has T.T.L. compatible switching, 

so no interface problem is encountered. It is shown vfith the Termicette 

and Trauiscription Unit in the photograph of Fig. 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 0. Concern arises with a piano.

The requirement is a portable svritch 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 

problem provides a stimulus for future research.

- 2 1 -

Thus for a keyboard instrxunent, the states of the keys will be monitored 

at a maxiroijm rate 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 softiiare and is discussed 
in Chapter 5.
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Ctiapter 5. Computer Processin,? of Data 

5.1 .

The first section deals with the problems involved in data transfer 

from Termicette to computer. With reference to Fig. 5.1., a signal is 

sent to the tape cassette which caxises an 11 bit word to be presented at 

the interface of the computer. The signal sent by the computer is a 

forifard skip pulse A, as shown in Pig. 5.2. This causes the Termicette 

to feed two outputs, XX and YT as shown in Pig. 5.2. Output XX comprises 

the 8 information bits (b to K), a start bit B and 2 stop bits C. Output 

YY is a 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 SN7437 Kand Buffer gates and fed to the computer T.T.L. input. 
Por purposes of forming a 120 bit word, 15 such forward skip pulses, A in 

Pig. 5.2., are sent with a sufficient delay, so as not to cause overlap of 

any 8 bit xiord with the next. The 120 bit word is then stored in 10 

computer xiord locations, each x-rord being 12 bits long.
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5.2. Alphanumeric Display

The second section in this chapter is concerned with processing the 

data 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 Pig. 5.3. A check is made for 
equality between the contents of the arraxrs. 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 inequality exists, the 

contents of array A are printed in alpharnmneric form followed by the counter 
contents. The alphanumeric printout is achieved by measuring along Array/



Array A as in Fig. 5.4. For each logic 1 in the array a note will have 

been played. Le<6 X equal the corresponding 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 is used in a 

look up table and X dictates the alphanumeric printout. For example, a 

logic 1 in locations, 1, 13, 25, 29 and 32 of Array A would result in the 

following printout:

CO Cl C2 E2 G2 5
The number 5 represents a possible output from the counter, CCMT in 

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

"SOOZ BLCCZ" by Dudley Moore, and is shown in Fig. 5.5. Other examples 

§re provided in Appendix D. Fig. 5.6. comprises the same example using 

the staff notation format which will now be discussed.

5 . 3 . Staff dotation Printout

A program has been written in ALGOL for the Flliott 4100 computer in 

co-ordination with a graph plotter. In * rder to explain the action of 

this program a general schematic is given in Fig. 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 SCKTRE.

-23 -

Initially, staff lines are plotted followed by treble & bass clefs. 

Signature is now added. Mote 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 accidental, 

if any, is added. Procedure MOTE is called for each note in the first row, 

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



the requirement of new staff lines and the process 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 diameter of the ellipse to be 

drawn for each note. With the staff lines plotted, the first tifio staves 

require the treble clef sign, the lower pair requiring the bass clef sign.
OThe treble clef is explained vrith the aid of Fig. 5«9# An arc of 210 is

plotted at a radius of 0.2 cms, then from a new centre point another arc of 

210° is drav;n 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 E is then added and

finally filled. The result is the treble clef sign. In order to display

the bass clef sign, the following procedure must be used. With reference 

to Fig. 5.10., a circle of radius 0.1 cms is drawn then filled. A.t new
Ocentre G, a 210 arc is drawn, stemming 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 

si.gn is displayed.
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Key signature is now added. With reference to Fig. 5.11. a number X2 

is read into the procedure 3GKTRS. The number is 0 for key "C". For a 

sharp key, X2 is the number of sharps and is given a negative sign. Similarly 

for a flat key, X2 is the number of flats, but is given a positiye sign.

Each accidental has its otm co-ordinates preset in procedure SGIfTRE and the/



th.e ■variable-' X2 only governs how many will be plotted. The final procedure 

is procedure NOTE (K1 , K2, K3» K4, Yfl). It requires the following infor
mation. The variable K1 equals the note number (l^K1^120); K2 determines 

the number of quaver tails to be plotted; K3 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 cns, plus a value for the result

ant K1, 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 (XTIC, YIFC), an ellipse 

is dra-wn with major axis radius 0.2 cms, minor axis radius 0.15 cms. Prom 

K2, the note type is established and for minim or shorter time value, a ta,il 

is drat-m. For crotchet or shorter time the note is filled. This is accom
plished by plotting (Y1ÍC1;2C0S(a1T),XNC+0.15SIKf(ili)) alternately with (yPC+0.2 

C0S(7T-Aír),XEÍC+O.15SIN(7r-AN)). The angle, AN, steps from -9(f to +90° 
thereby filling the ellipse. The value of K2 dictates the number of quaver 

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 K4.

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 ssmonymous with PITCH,
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In thé main part of the program, the first stage is to read the 

minimum and maximum values for a semi-demi-semiquaver. Prom these the 

other note-type values are calculated as shovm in Pig. 5.13. The value 

K6 is then read, this governing the key signature, followed by the note 

data being entered into arrays for storage. Twenty lines of data are/



held in storage at any one instant and it is considered that no more 

than twenty notes will eirer 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,

1 : 20) as in Pig. 5.14. A line of data consists of the number of notes, 

NV, their values and the time value, WT. Nineteen such data lines are 

read in followed by a separate "RBAD" statement for the twentieth. Once 

the first roxi of data is read it is processed then plotted, folloxied by 

all rows A, 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 (l,2l) then the program has finished as shown in .Pig. 5.14.
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The data is processed in the following manner. Witli reference to Pig. 

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 added 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. 

¥mth reference to Pig. 5.16., the time value for each note in Array B (1,Y) 

is compared x̂ ith the time intervals as given in Pig. 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/



K4 is again decided from the values given in Fig. 5.15. One further 
set of restrictions prevail; If the note is less than 12 units smaller 

than the note above then no quaver tails must be drawn and if the note 

value 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 the 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.

-27 -

The program listing for staff notation printint is given in Appendix C.
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FIGURE 5-15 Data processed for Total Time Values
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Chapter 6. Conclusions and Further Work

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

give a display of the musical 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 m.onit- 

oring all key state changes and no transitions are lost.

Certain drawbacks exist. Any noted mistakenly pressed will also be 

transcribed since, at present, no laws of musical tonality are used to 

govern the printout. In dravxing bar lines, difficulty might arise as for 

a given crotchet count/minute, the musician will seldom follow that coimt 

exactly. Time errors, therefore, arise causing the bar lines to be incor

rectly placed. However, if the performer 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.g., avante garde jazz, timing within a piece both modulates and can have 

random variations.
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A further disadvantage arises in that little or no discrimination can 
be made betvreen which hand plays which note or set of notes. For this 

reason, all note tails are drawn upwards and no distinction is made betvjeen 

lower and upper hand in the printout. For similar reasons, no rests are 

printed as it is impossible, for a particular piece, to ascertain individual 

voicings. Thus rests must be added, subsequent to the automatic transcript

ion, by the composer. Ho expression is added to the display as the system 

does not monitor the speed at which any note is pressed. The mathematical 

modelling of expression is an unsolved problem and thus cannot be efficiently 

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



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 signature. Unfortunately, many compositions 

involve key modulations. It is not practical to account for these modul

ations during an on-line performance. Thus this information must be 

subsequently added off line.

A recent addition to the transcription program is the option of comp

ensating in Part for human error. Uhen playing a chord, a musician may 

press the majority of the notes before the others. If a 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 condition is tha,t 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.
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Future work on the transcription program could involve introduction of 

the laws of music with ways of determining more sophisticated note types such 

as triads, quaver strings. Account could be taken of compound beats and 

more intricate rhythms. An outlet for future research is to reduce the 

cost of the project by replacing the Termnicette 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/



-so

other a clock track. After a time t , where ( t x the recordin,» rate) is 

less than the available core storage, the information and clock bracks are 

exchanged and recording continues. On exchange, an extra pulse T is added

to the original information track. On plas^back, information is derived

until pulse Y is obtained. Information now in store is processed, during 

which time the tape is given a sli-ght rewind. When the computer requires 

more data, playback is enabled, but, no da.ta is permitted until recipt is 

made of the pulse Y. Control of the cassette automatically would pose 

few problems and a less expensive storage device would be obtained. The 

cost oould also be reduced with the addition of a matrix plotter to give 

the display. This would be of use if a hardware 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, as îâth the 

Illiac digital computer (2). Use of randomly generated numbers is ideally 

suited to the stochastic computer. Two possible approaches exist. One is 

to set up a. random number generator as in Pig. 6.1 . The numbers are fed 

through n computional circuits. If the musical progression is tonal within 

the laws set, the notes are stored in mem.ory. Othen-rise, the try again 

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

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

An alternative method is shown in Fig. 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. signal vdiich is amplified 

and fed into a loudspeaker. In both cases, rules are established, but, the 
computer is random within these limits.

An/



An extension on the previous suggestions is that the computer could 

he of use in semi-automated 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 change in 

chord structure. Such exploration enters the realm of jazz harmony pro4 

duction.
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The system is in itself an aid to the musician and in no wa:/ attempts 

to replace the composer. As a stepping stone to future research, a base 
has been set for further investigation into the scientific qualities of 

music.



Try again

FIGURE 6 • 1
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appendix A

Program for Alphanumeric Printout



7 7  5 4
* 3 0
^194^ - 3  4

1(^2 1 0  0  0  í7¡ C N T , 0
(m 2  2. 0  6 0 0 P0TVJ_, A S T
m 2  3 0  0  0 0 ■ 0
m 2  A -A 0  0  0 K 4  0 0  0  ^ 4  0  0  0
C4ÇÎ2 5 7 7 6  6 M I  3 j -  ! 3
0 0  ñ 6 7 6  1 0 M 1 7 0  j “ 1 7 0
0 0 0  7 0  0  0  0 0 N T 3 ^ 0
0 0 3 0 0 6 1 9 ;p N T 9 9 j B S T
0 0  3  i 0  0  0  0 P ! \ ! T 3 ^ 0
0 0 3 3 0  0  0 0 T  I M  3 ; 0
0 0 3 3 0 9  1 9 K 9  1 9 ^ 9 1 9
0 0  3 -'i 0 9  i 5 K 3  1 5 ^ 9  1 5
0 0 3  5 0  0  0  0 H LD . - 0
0 0 3  6 0  0  0  0 P L C E ^ 0
0 0 3 7 7 7 7  6 M9 . . ~ 9
0 0 4 0 0  0  0 0 C KK > 0

0 0 4  1 0  9  5 4 K f l r M  ■ 9  5 4
0 0 4 3 0  3  6 0 K 3 6 0 ^ 9  6 0
0 0 4  3 0 3 4  0 S'^-'AP,E> 9 4  0
00^14 7 7 7  4 M4, - "  ¿l

0 0 4  5 0  6 9 4 O C T
0 0 4  6 0 4  3  í X D E C ^ O E C P B T
0 0  4  7 0 4  0  0 X P P T .. M P R T
0 0  5 0 0  0  0  0 D E L ^ (7

0 0  5  1 «  0  0  0 T P M S ^ 0
0 0  5 3 I7Í 3  7 7 K 3 7  7 ^  ^ 3 7 7
0 0  5  3 cu-' 1 i ° T N  1 - . B S T “ !
0 0  5 4 0  0  0  0 P T  W jr ■ !7!
0 0  5  5 7 7 7  3 M5> -  5
0 0  5  6 0  0  0  0 . T C N T . - 0  ■
0 0  5  7 7 4  0  0 K 7 4 0 0 ^ 7 4  0  0
0 0  6 0 0  0  1 7 K 1 7 ^ 17
0'^16 1 0  0  3  f'í K n E L > 0
0 0  6 9 0 0 0 0 D E L !  ^ 0
0 0  6 3 0  0  0  0 0
0 0  6 4 7 7  6 3 i'11 5  ^ “ ! 6
0 0  6 5 0  6 5 4 X G E T M O ^ B S T N O
0 0  6  6 bi 0  0  0 C R L F ^ 0

0 0  6 7 1 0  3 4 T A D  K 9 1 5
0 0 7  0 4  0 7  4 J M S  T Y ^ E
0 0  7  1 1 0  3 3 T A D  K 9 i 9
0 0 7  9 ' 4  0 7  4 J M S  'T'YPE
0 0 7 3 5 4  6 6 .IM"'-'’ I  C R i
0 0  7  4 0  '■'10 0 T ' / P E ^ 0
0 0  7 5 6 0 4  1 T  S F

' 0 0  7 6 5 0' 7 5 4^'Jp.  -  i
0 0  7  7 6 0 4  6 T  L  S
01 0 0 7 P 0  0 C L A
0 1 0  1 5 4  7 4 J M D  I  r y ^

01 0 3 0 0  0  0 GQ MM A^ 0  ^



Gl G3 1 0A 1 TAD KCM
01 G/í A 07  A ,JM5 TYPE
0 1 0 5 5 5 0 3 . J MP I C 014
0 1 0  6 0 0 0  0 CLK^ . 0
■0107 7 3 0 0 CLA CLL
01 10 1 03A TAD KJ 0 0 0
01 1 1 6 5 0  5 DVA.:n
01 13 6 5 0 6 DBSO
01 1 3 7 3 00 CLA CLL
01 1 A 7 0 0 0 MO P
01 1 5 7 0 00 NOP
01 1 6 3 0 5 0 I 3 Z DEL
01 1 7 5 1 1 6 JM P . -  1
0 1 3 0 7 0 0  0 NOP
0 1 3  1 7 0 0 0 MQP
0 1 3 3 6 5 0 4 DR R î
01 3 3 0 0  53 a n d K3T7
01 3A 3 0 5  1 DCA TPMC
013  5 1051 TAD TPMC
0 1 3 6 5 50  6

* 3  00
JMP Í CLK

03 0 0 7 3 0 0 STARTs CLA CLL-
03 0 1 3 0  63 DC A CUM
09 0 3 A 1 0 6 DG f -IMS ■CLK
030  3 7 6A0 S ZA C L A
03 0 f\ 5 3 0 3 JMP DG
03 0 5 3 0 63 Ï S Z Cl IM
09 0 6 1 0 63 TAD S DM
09 0 7 1 0 6A TAP MIS
03 1 0 7 6A 0 5ZA CLA
03 ! 1 53  03 JMP DG
03 1 3 60 A 6 TL S /

03 1 3 1 í-í 3 0 ' T a d M3 A
03 í A 3 0 2  1 DCA CNT .
03 1 5 3 0 3 3 DCA TIN S
03 1 6 1 0 3 3 TAD oMTP
03 1 7 3 0 3 3 DCA P NT
033  0 3 A3 3 i:iCA I P MT
033  1 3 0 3  3 . .1 S Z PM T
03 2 3 29í 9. 1 ■T S Z CNT
033 3 53  30 J M P . - 3
03 3 A 1 0 5  5 TAD 'A! 5
033  5 3 0 5 6 DCA TC NT
039  6 1 0 3 3 TAD PTM 1
093  7 3 0 5 DCA P'TM
03 3 0 A i 0 6 L O I N / JM S CLK
03 3 1 3A5A ne A I P?  N
0 3 3 3 1 0 6 J MC CLK
03 3 3 7 110 ÇLL RAR
02 3 A 7 0 13 RTR
03 3 5 7 0  13 RT R
03 3 6 0 0 5 7 Ai\*D K 7 A 0 0
03 3 7 ! ASA ■ TAD I PT N

/F í W I . s H  OF ” A”  -̂íTEGl STE:'?



3 4  5 4 l
D C A I  P T N

i 7 8 4 0 5 T  A
0 8  i\ 8 1 0  5 4 T A D P ’i 'N ■
0 8 / ( 3 3 0  5 4 n o  A , P T N
0 8 / i 4 l 0  5  1 t a d T P M S
0 8 4  5 7 1 1 8 CL .L k T R
0 8 4  6 7 0  1 8 8 T R
0 8  4  7 0 0  6 0 AMD' K 1 7
0 8  5  0 3 4  5 4 D C A I  P T N
0 8  5  1 4  1 0  6 J M 5 C L K  ■
0 8  5 8 7 1 0  6 C L L P T L
0 8  5 3 7 0  0  6 8 T L
0 8  5 4 1 4  5 4 T A D I  P T W
0 2  5  5 3 4  5 4 OCA I, P T N
0 8  5  6 7 8 4 0 S T A
0 8  5  7 1 0  5 4 T  A  D P T N
0 8  6 0 3 0  5 4 D C A P T N
0 8  6  ì 8  0  5 6 I  S Z T C N T
0 8  6 8 5 8 3 0  ■ . . IMP ¡ . D I N
0 8  6 3 8 0 3 8 I  S Z T  I M S
0 8  6 4 1 0 8 8 T A D P N T R

0 8  6 5 .3 0 8 3 D C A P N T
0 8  6  6 1 0  3  0 T A D P N T R 8
0 2  6 ’7 3 0  3 1 D C A P N T 8
0 8  7 0 1 0 8  5 T A D M I  8
0 8  7 1 3 0 8  ! D C A C N T
,9jQ >7 O 1 4  83. T A D J. P N T
0 8  7,3 7 0 4  1. C I  A
0 8  7 4 1 -'13 1 T A D I  P M T 8

0 2  7 5 7 6 4  0 S Z A O L A
0 8  7 6 5 3 0 4 J M P N N E O I I

0 8  7  7 8  0 8 3 I  S Z P N ' r

0 3  0 8 0 3  1 T. S Z P N T  8 '

0 3  0  1 8  0 8  1 I S Z C N T

0 3 0 8 5 8  7 8 ,JMP C OMP

0 3  0  3 5 8 8 4 ! . , P 1 N ' 4

0 3 0 4 7 3  0 0 l i iX iE o n , . G L  A C L L

0 3  0  5 “4  4  6  5 J M S I  . X G E T

0 3 0  /■: 7 3 0 0 C l . A C L L

0 3  0  7 1 0 8 8 T A D p n t r

0 3  1 0 3 0 8  3 D C A P N T

0 3  I 1 1 0 8  5 T A D M 1 8

0 3  1 8 3 0 8  1 DC A g .n t

0 3  ! 3 3 ' ' 3  6 M E W L O n . DC 4. P L C E

0 3  1 4 1 4 8 3 T A D I  P N T
0 3  I "v 7  1 0 4 DM 0 8  5 C L L PAL .

0 3  1 6 7 4  3 0 S Z L
0 3  1 7 4  /!  ? tJMS I  X P R T
0 3 8  0 8  0  3  6 I  S Z P I .  C E
0 3 8  ! 7 /!  4  (i S Z A
0 3  8  8 5 3  1 5 ,.)MP r i M O P F
0 3 8  3 7 3 0 0 C L A C L L



0 3 2 /-I 2 0 2 3 I S Z PMT
03  P 5 2 0 2  1. I .S .Z CMT
0 3 2  6 5 3  1 3 JM.o MEDLOC
0 3 2  7 1 0 2 2 T.A.n p WTD
03  3 0 3 0 2  3 0 0  A PMT
0 3  3 1 1 0 3,0 7  AD PMT 2 2
03  3 2 3 0 3  1 D0A PMT 2
03 3 3 1 0 2  5 TAD M 1 2
0 3  3 4 5 0 2  1 nr: a CMT
03  3 5 i 4 2 3 .4GM., t a d I PMT
0 3  3 6 3 4  3 Ì DC A I PMT2
0 3 3 7 2 0 2 3 I S Z PMT
03  4  0 2 0 3 1 I s z PMT 2
03 4  i 2 0 2  1 I S Z GMT
0 3 4  2 5 3  3 5 JMP ACM
03 4 3 1 0 3 2 TAD TIME
■434 4 4 4 4  6 JIM 3 I XDF.C
0 3 4  5 4  0  6 6 JMS CRLF
0 3 4  6 7 0 0  1' I AC
■33 A 7 3 0 3 2 DCA T IM S
03 5 0 5 2 3 0

*  /I '0 0 ,
dMP L DI M

04  0 0 0 0 0 0 N’PRT.. 0
04  0  ! 7 4  2 1 MAL
0/10 2 7 3 0 0 CL A CLL
04 0 3 1 0 2  2 TAD PMTP
04  0 4 70/1 1 C I A
0 4  0 5 1 0 2  3 TAD PMT
iVi 0  6 7 1 0  6 CLL RTL
0/Í0  7 3 0  3 5 DC A HLD
04  1 0 1 0 3  5 TAD HLD
0'3' i 1 7 ) 0 4 CLL RAL
0 4  1 2 I 0 3  5 TAD HLD •
0 4-1 3 1 0 3 6 TAD PLGE
04  I 4 7 0 0  1 I AC
04 1 5 4  / 14 6 JM3 I XDEC
0/i 1 6 4 1 0 2 JMS 0 OMMA
0 4  1 7 ‘ 7 5 0  1 Mr.) A
0/;  2 0 5 6 0  0 JWD I MPRT
0 4 2  Î 0 0 0 0 prJT^ 0
04.2 2 3 2 7 2 DCA 'MALT IF
•04 2 3 3 2  7 3 DGA D I G I T
0 4 2 4 3 2 7  5 DC A CK.3
0/12 5 1 2 6/1 TAD CA
04 2 6 3 2  7 4 DCA (' H
04 2 7 . 12 6 3 T A D A PP
0/13 0 3 2 3 5 j)C A ARR
04 3 1 7 4  1 0 .3 KP
0/t 3 2 3 2  7 2 DCA PA Lì IF
0 4  3 3 7 ! 0.0 CI..L
0/13 4 1 2 7 2 '[■ A D PALI IF



' ■ ' )43 5 ! 2  6 5 A R R j T A D T E N O ' . J R

'■'14 3  6 7 / 1 3 0 S Z L

2 2 7  3 I  S Z D I G  I  T

7  / 1 3  0 3 Z L

m  ¿i 1 5 2  3 2 A R R - 3
0 / 1 4 3 7  2  0 ' 0 C L  A

0 4 4  3 !  2  7  3 T A D D I G I T

0 4  4  /I Í 2 7  5 T A D C K  S
104 4  5 7  6 5 0 ' S N A C L  A

0 4 4  6 5 2  5  6 . J M P C O N

0 4 4 7 ! 2  7  3 T A D D I  G I T

0 4  3 0 !  2 7  ! T A D A K O

0 4  5  1 6 0 4  ! T S F

0 4  5 3 3 2  5  1 J M P .  -  1

0 4  5 3 6 0 4  6 T L  S

0 / . 1 5 4 7  2  0 0
1

C L  A

0 4  5  5 2 2 7 5 ,J. -S Z C i i S

0 4  5  6 3 2 7  3 c o r i . D C A n  I  G  I T

0 4  5 7 2  2  3  5 I S  Z A R R

0 4  6 0 2 2  7 4 i S Z C B

0 / 1  6 1 5 2 3 4  ' J M ' ^ A R R “  !

0 4  6 2 5  6 2  ! J W P I  D E C ^ ^

0 / 1 6 3 1 2  6 5 T A D t e n p w r

04  6 4 - 7  7  7  4 C A j - 4

■04 7 ) 5 6 0  3  0 t e : w « ‘ 1 r > -  1 7 5 0

0 4  6  6 7  6 3  4 -  1 4 . ■'1

0 4  6 7 7  7  6 6 "  1 2

0 4  7  0 7  7  7  7 -  Í

0 4 7  1 0  2  6 0 A K O i 2  6 0

0 4  7  2 0 0 0 0 R A L H E ^ 0

0 4  7  5 0  0  0  0 D I G I T S 0

071 ' /  4 0 0  0 0 C R ^ 0

0 4  7 5 ' 0  0  0  0 G K G ^ 0

*  6 0  0

0 6 0  0 ( - 1 0 0  0 A S 7 R 0 ;

0 7 ) 0  1 0  0 0  (?* 0 ;

0 6 0  2 0  0  0  0 0 , ;  ,

0 6 0 3 0  0  0  0 0 ; '

0 6 0 4 0  0  0  7i 0 ;

0 6 0  5 ‘  0  0  0  0 0  j

0 6 0  6 0 0 0 0 0 ;

0 6 0 7 0  0  0  0 0 ;

0 5 1  0 0 7 1 0 0 0 ;

0 6 1  1 0  0  0  0 0 ;

0 . 6 1  2 0  0  0  0 ) 3 S T ^ 0 ;

0 6 1 3 0  0  0 0 0 ;

0 6 !  4 0  0  0  0 0 ;

0 6 !  5 Í-) 0  10 0 ;

0 6 !  6 0  0 0 0 0 ;

0 6 1 7 0 0  0  71 0 ;

0 6 2  0 0 0  0  0 75;

0 6 2  ! 0  0  0  0 0 ;

0 6 2 2 0  0  0  0 0 ;

0 6 2  3 0 0 0 0 0 ;



0 62/i 03 03 OCT^ 303 /C
0)69.5 0 0 0 0 0
(A62 6 0 303 3 0 3
0V^2 7 094 3 94 3 /C6
063(ñ 0 3 04 3 0 4 /D
06 3 1 0 0 0 0 0
0 6 3 2 0 304 304
0 6 3 3 0943 94 3 /D6
063 A 030 5 3 0 5 /E
063 5 0 0 0 0 0
063 6 0 3 0 6 30 6 /P
0637 0 0 0 0 0
064 0 0 3 0 6 30 6
064 1 0 9 4 3 94 3 / F/Í
0649 ' 0 3 0 7 3 07 /G
064 3 0 0 0 0 0
6164 4 0 307 307
0 64.5 094 3 p /; 3 /G#
064 6 0 3 0 i 3 ! 1 /A
064 7 0000 0
0650 030 1 3 0  1;
0651 0 9 4 3 94 3 /A#
0659 0 3 0 9 309 /B
0653 0 0 0 0 0
0654 00 0 0, GKTMO.> 0

065 5 7 300 C LA CLL
065 6 3097 DI.1A CNT9
065 7 1 0 9 9 TAD PNTP
0660 3 3 3 DCA PNT ■
0661 1 0 9 5 TAD M 1 9
0669 3 0 9 1 DCA GMT
0663 ! 49 3 TAD I P4T
0) Ò 64 7 1 04 1̂ 0 0LL 9.AL
06 65 , 7 4 3 0 5 4L
0666 9 09 7 I S 4 GiVT9
06  61 7 /Ì -Í10 S9A
067 0 59 64 JMP DM
067 1 9 02 3 I 4 P i\J T
067 9 909 1 I 3.7, CWT
067 3 59 63 Ji'lp ML
0574 Î 0 9 7 TAD CM T9
0675 444 6 JM3 J. XDEG
067 6 5 654 4MP I G”T!VO

nBCO= 65'^5 
D B S O ^ -  6 5 f - l  6  

BBR I -- 65f^A 
MBA = 7 5Í11 
MQL--̂ 7/(B 1
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APPEFDIX B

Prograrn  for Numeric Pr in tout



K r i H  v o a 9 9  0  3 9 0  1 0

¿ ¿ l > i  Ü N V ' 3  L 0  0 7 0  1 0

CÍHL4.L C l V I S 9  0  1 3  0  1 0

cL W C' vJ G
I

9 9  0 3 3  0  10

0 ‘' L ì d À X Ci 0  0  0 Ï 0  1 0

I L O  I  CUJÍ - 3  ¿ . 7  9 0 0  1 0

Lì f l  A  S í  '-iO I 0  l  ty ¿ ¿ 0 0

' d ì 5 > i  C i V X  , C e d i 9  ¿ 0 0

Lì CÍ A w  y-. í ' I 0 1 1/ 9  ¿  0 0

> ì i G > {  a v i iy 3  0  l 7  ¿ 0 0

0 ‘" ì i G h O 0 0 0 0 c  ¿  00
L L  I • ■¿ X  1 ) 1 ¿ ¿ 1 0 3  ¿ 0 0

0  0  3 kJ 0  3  >1 0  0  3  W í ¿ 0 0

0 • ' i . ' J d 0  0  0  0 0 ¿ 0 0

L - '■ ¿ 0 1 ! ¿ ¿ ¿ ¿ 9  0 0

0 n c r i H 0 0  0 0 9 9  0 0

0 ‘■c i t ìLHX 0  0'  0  0 9 9  0 0

O N . l X Q • ' O N X L ì D X 7 3 9  0  ' 7 9  0 0

¿ 1  -  ̂ Z. ! i ì 1 9  ¿ ¿ 3 9  0 0

0 0  0  0  0 c 9  00
0 '■ i G Z i Q 0  0  0  0 1 9  00

’ó L L i ' ■ G L Ì U M 3  ¿  Z, ¿ 0 9  0 0

¿ - i
«■ / ,  I V ¿  ¡ 0 0 ¿  9  0 0

<àVin L ‘ ' 0 0 7  ¿ M 0  0 1/ ¿ 9  9  0 0

h ‘ ■ X N O X 0  0  0  0 9  9  0 0

0 - ' ' 3 1 3 L ' ¿ ¿ ¿ 7 9  0 0

0 ‘ ‘ N  X  cl 0  0  0 3  9  0X>

1 - X S H *’ l  N  X d 1 1 9  0 3 9 0 0

L L C ‘■ ¿ ¿ C ) i ¿ ¿ 3 0 í 9  0 0

0 ‘‘ S W c i j . 0  0  0  0 0  9  0 0

0 ‘" ■ ( a o 0  0  0  0 ¿ 7 0 0

X  et et M i d c i X 0  !ci '.y 0 9  7 0 0

X G c i o a a ‘■ D d ü x 1 3  7 0 9  7 0 0

7 - •' 7  i ì 7 ¿ ¿ ¿ 7 7 0 0

0 i y 3 ‘• S O V d S 0 7 3 0 3 7 0 0

0 9  3 ‘  0 9  3 > ì 0 9  3 0 3 7 0 0

f / S o ‘ ■ K O M 7 9  3 0 l  7  0 0

0 0  0  0  0 0  7 0 0

3  ~ •' 3  W 9  L L L ¿ 3 0 0

0 •' S ' j l d . 0  0  0  0 9  3  0 0

0 ‘' C n K 0  0  í:i 0 9  3  0 0

S  Î 3 ' b l 3 > i 9  1 3 0 7  3  0 0

3  1 3 ‘■ 3 l 3 M 3  I 3 0 3  3  0 0

0 • ' b W I X 0 0 0 0  ■ 3  3 0 0

0; '' 3 X N d 0  0  0  0 1 3  0 0

X b i - l ‘ ' 3 h x M d 3  1 9  0 . 0  3  0 0

0 '■ 3  X N  0 0 0 0 0 ¿ 3 0 0

0  ¿ 1  - ' k i l l  ¡4 0  1 9  ¿ 9  3 0 0

3 ^  - '■ 3  i l ì 9  9  L L 9  3 0 0

0  0  0  V ‘■ O 0 0  7 M 0  0  0  7 7  3 0 0

0 ‘■ X N c i 0  0  0  0 3  3  0 0

X b ' V ‘ ‘ d X N d '0 0 9  0 3 3 0 0

0 ‘  X N O 0  0  0 0 I 3 0 0

7 3 - ^ 7 3 W 7 í i ¿ ¿ 0  3 0 0

0 3 *



C4 6 1 0 67 T.AD M7
'A 1 0 7 30 70 DC A BCT
01 1 0 302 7 no.A CMT2
01 1 1/ 1 0 65 TAD TEIMP
01 1? 1 027 T.AD GMT 2
01 1 3 3027 DC.A GMT 2
01 1 /J 10 65 TAD TEMP
0! 1 5 7 110 GLL RAP
01 1 6 30 65 DC A TEMP
01 1 7 2 07 0 1.5 Z, BCT
01 2 0 5111 JMP MRE
012 1 1 027 TAD CNT2
01 32 "7 0 1 0 RAD
0! 23 7 2 0 0 CL A
01 24 10 66 TAD HL D 1
01 2 5 7 53 0 .SZL CLL
012 6 I 07 1 T'AD K20 0
'01,2 7 30 66 DC A HL n 1
01 30 7 604 LAS
013 I 77 10 .SPA CL, A
01 32 514 1 JMP p|\!CH
0] 33 1 0 66 TAD HLDi
01 34 604 1 TS F
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PRELUDE IN C MIWOP CHOPIN.
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r,#9. c#3 
1
D#9

GAO*- G-̂ iO CS DA 5 20.

FO G A-0 C A. 5 F5 20

C A 0 DA4 GO C5 ’ DA 5 ! 2
D#2 D-;3 
1
G# 2 Gii 3 
\

CAO DAO GO AAO D5 1 2
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Dual Octave board, Side B



T(?rmicetW Interface and Master Clock, Side A
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