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1. INTRODUCTION

(t 15 well known, that every musical instrument has its own timbre by means of which man distinguishes
this instrument from others. Can we make the computer do the same? In other words, can we make It
automatic the process of recognition? Let's specify, what it means “automatic recognition of musical
instrument™? it means to create such a computer program, which will be able to detect whether or not
the glven instrument sound in the given interval of music.’ '

One willn't be able to recognize musical instrument, if he doesn't already know how does il sound.
Likewise, the spectrum of the note must previously be established {in order lo make computer “know”
what the timbre of this note looks like), then the spectrum of the musical fragment must be obtained
and finally, these two spectra must be compared each to other in order to detect, whether or not the
given note sound In the given fragment. N's obvious, that if the problem is solved for a single note, one
can easily fulfil the recognition of whole instrument by considering each possible note the instrument
can play.

In this paper we describe the algorithms, which provide the establishment of spectra of the note and
musical fragment, comparison and final decision. Experiments, which caused the creature of these
algorithms and computer programmes, whare fulfilled by us on the sounds of piano. It should be noted,
that if we consider spectra of musical sounds as they are usually represented in the fiterature in musical
acoustics (see fig. 1; for processing purposes it is more convenient fo represent this information as the
sequence of pairs, where first components are frequencies and second - amplitudes), we'll see that two
different notes of the same instrument don’t look alike at all [2]. That is why, as soon as we've got
convinced, that program had successfully decomposed the cord played on piano into single notes, we
made conclusion that this method will work in the case of any other instrument and the group of
different instruments, when playing simultaneously. We took in account too the fact, that piano noles
have much difficult spectra ihen the noles of other instruments, though this method must be examined
in any situation of course. This paper is only the first attempt (as far as | am informed) of salving this
problem, hence there are a tol of questions in it to be improved and investigated In future.

2. OBTAINING THE SPECTRA -

According the Fouriet theorem, every periodic function can be represented as the sum:
ActAsinforp)+Asin(Rote)t. . +Asin(ka+q)+ ... where o is the frequency, which is related wilh period
as following: @=1/T [1]. Components of this sum are called harmonics. We call A,the amplitude of i-th
harmonic, q: - the phase. The frequency of i-th harmonic is iw. Let's call o the main frequency.
Sequence of pairs (@.A). (20.A:)..... (ke A, IS called the spectrum (note that we need to operate
only on finite sums).

The experiments were fulfilled on the digilal records made on 44.1 kHz frequency. It means 44100
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entries per second. Consider some fragment of the record which possesses N entries. Assums, that
these are values of some discrete function f and let's extend this function using the formula:
flx+N)y=flx). Thus we'll oblain some pericdic oscillation with some frequency. In the case when the
digital record Is made on 44.1 kHz, the frequency of this oscillation, measured in Hz, will be 44100/ N
Hz.

As we've already noted, first we must obtain the spectra of the given note of given instrument and the
muslcal fragment. Of course, we musl take this latier not very big. On the other hand, it mustn't be very
small, because as we saw, the frequency of the fragment depends on is length; small fragments have
big frequencies, Frequencies if high hanmonics are multiples if the main frequency. Thus if the fragment
is small, its spectrum is poor with harmonics and recognition of the insirument from such spectrum is
much difficult, than from the sich one. It reminds the natural case: if the duration of the musical interval
is very small, man is unable to recognize instruments, until he listens the fragment if enough duration,
Here we have the first problem: how to select N - duration of the musical interval to be considered? It is
the subject of further investigations. For the time being, it's obvious that we must take same N both for
note and musical fragment, because in this case harmonics from these two spectra to be compared, will
be of the same frequencies.

Let's take 5512 as the value of N. Then the frequency of the interval will be 44100/5512. It is about &
Hz. Qur choice is motivated by the fact, that interval with duration of 1/8 of second is quite small and at
the same time has enough length for recognition. In other words, the speclrum with main frequency
=8 is rich enough for automatic recognition. IU's quite sufficient 1o consider our problem in the range 8-
BOCO Hz, so the value of k, the number of speciral components, musi be taken equal to 1000,

Now we have complete background 10 realise the program, based on the well known lechnique of
practical hammonic anglysis [$]. On the input we have N values of some function and on the output we
obtain k speciral components; pairs consisting of amplitude and frequency of every harmenic.

3. REDUCTION OF THE SPECTRUM
Obtained spectrum of musical fragment is ready for comparison, while the spectrum of the note must
be reduced previously. There is no need to operate on the entire set of spectral components of the

note, but only on the significant ones.

Amplitude A, is called maximal, if A; > A., and A; > A,.,. We aren't interested in harmonics with non-
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maximal amplitudes. Further, if the amplitude is quite small it mustn'i be considered 100. We call
harmonics significant if appropriate amplitude Is maximal and is bigger than some limit of significance.

On the figure 2 you see the entire spectrum of piano nole &' obtained by ihe program mentioned in the
previous section, Observe, that all "little” amplitudes 1o be discarded are below the horizontal line
signed with “lim® and the frequencies of significant harmonics to be retained are specified below. Value
of the limit of significance depends on many factors {f.e. the volume the record is made, force the nole
is played and ets.) and may vary for particular cases. Although we noticed some relationship between
the biggest amplitude and “lim*. Further experimentation may clear up ihe precise nature of this
retationship. =
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Frequency of lhe first significant harmonic determines the height of the note (in our example 440 Hz)
and other frequencies of reduced specinim may be deviated from multiples of this frequency as it is
evident from the chart. Taking in account all above, we can now realise the automatic reduction of the
note specirum. Such reduced specirum is ready to be compared with the entire spactrum of musical
interval. .

.

4. COMPARISON

Given the reduced spectrum of some note of some instrument and whole spectrum of some musical
interval we have 1o work out the algorithm of comparison and decision: whether or not this note sound
in this Interval.

The idea is following: 1) consider first harmonic of reduced specirum and select appropriate (with
same frequency) harmonic from musical fragment spectrum. If this latter Isnl significant in the sense of
previous section, then the note doesn't sound at alk; 2) if the hanmonic from cord spectrum IS significant
we have to do following: consider all harmonics from reduced spectrum and select appropriate
hanmonics from non-reduced one (again there may be some deviations from appropriate frequencies).
Now consider the ratics of all possible pairs of ampliludes from reduced spectrum and compare them
with appropriate ratios of selected amplitudes. If many of them are close enough with one another, il
means that the shape of the note spectrum {see fig. 1) is retained In the cord (with Some accuracy of
course), so the note sounds. If there are a lot of differences, then we are dealing with some different
shape. 1t may mean that the note really doesnt sound, or His spectrum is dislorted by other sounds
1aking part in the cord.
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The meaning of the term “close encugh” is that the difference between appropriate ratios is less than
some precpecified number. The meaning of the term "many of them® is that the number of ratios which
are ciose enough ks more than some given number. These two canstants depend on many factors and
their universal values must be established under the experiments.

Thus the main idea of comparison is thai If the shape of note spectrum Is retained in the cord
spectrum, the note sounds. The other notes which take part in 1the cord have own harmonics and some
of them may ba of the same frequency as the some harmonic from reduced spectrum baing
considered. So they change values of amplitudes and consequently, the ratios where thess amplitudes
participate are changed too. That is why we must consider all possible combinations of amplitudes and
if we are lucky and many of them are unchanged (or changed a little bif) then the recognition is

passible.

In appendix we enclose sample program of recognition based on ihe algorithm already described. The
code Is given on the Turbo Pascal language. We divided the range 8-8000 Hz on 28 intervals and
specified the value of maximal deviation for each one. This data are placed in the amay *devan”. First
components are deviations {we took them equal to 1/4 of the 1one) and the second components are
frequencies. The constant sredharmnum” possesses the maximal nurnber of harmonics in reduced
specirum. Components of the array “mincoin” are minimal numbers of ratios should be in coincldence
with the accuracy given in "accur (f.e. if the reduced spectrum conlains 8 spectral components,
minimum number of pairs should be in colncidence Is 5). =dim* is the number of spectral companents in
non-reduced spectrum, "lim" is the limit of significance. Spectral components of the fragment are
loaded In the file with name *cord1” (assigned with variable *sourcef”) and reduced spectrum of the
note is loaded in the file named "d” (assigned with variable "sourcen®).

d

CORD1

1 1520204992 152 704.1982
2 2064680112 296 3456308
3 4401382488 4324956247 440
4 5023918101 5022581224 502
5 736 123520 736 237.6025 736
6 8386840587  BB3 109.6469 880
7 10321481926 1032 130.4624 1032 Table 1
§ 1328 64.56365 1328 2558274 1320
9 1480 1032274 1440 159.5261 1480 159
40 1632 1239852 1632 130.353 1632 62.
11 17846281161 1768 8458027 1784
12 1938 57.1374 1928 57.2394 0
13 2088 116.6307 2088 72.77373 2088
44 2240 93.07915 2240 115001 2248

In the table 1 we arrange the spectral components extracted by the recognition program from the piano

note o and

(1., i>1 which ratios coincide with appropriate on
and considers pairs (2,)), >2, then pairs (3,]), i»3 and
8, is reached on pairs (6,D). It Is equal to the n
sounds in the cordi. As for cord2, one can ch

limit, so the note isn recognized in cord2.

ecessary

two different cords. In the first cord note takes pan, in the other - it doesn1. Number of pairs
es Is 3 for cordi. Thus the program continues work
50 on. For cord1 the maximum, which |s equal to
limit of coincidence (see appendix), 0 the note
eck that on every stage the result is less than necessary
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§. RESUME

The process of automatic recognition of musical instrument consists of following stages: establishment
of spectra for given note and given musical fragment, reduction of the note spectrum and comparison.
There are four constants the resutt of this process depends on: unit of measure (i.e. duration of interval
being considered), limit of significance of harmenics, accuracy of coincidence of ratios and fimit of
coincidence. Optimal seleclion of the values for these constants is the subject of future investigations.

Interesting question arises conceming the timbre of Instrument: listening two different sounds of same
instrument wo guess that we're dealing with one instrument, bul when locking at their timbres (see fig.
1) they are different. Why? In other words, what is the common characteristic of sounds of musical
instrument expressed in numbers? Our ear claims, that such a characterislic exists.

Finally, we list up some possible applications of the melhod outiined here. Firsl, the program of
automatic establishment of scores may be obtained. Further, some visual effects (on the computer
screen) may be related with the sounds of different musical instruments making pleasant listening and
deeper perceplion of the plece. Finally, as the vowels in human’s speech can be tonsiderad as the
sounds of some heighl made by some musical instrument, in our opinion, technique described here
may be useful for automatic identification of a person by the timbre of the volce.

6. APPENDIX

program recognition;
{ Some strange way of arrangement of operators is caused by the limitations on space }
consi
devamaray[0..26,1..2) of integer=((0,0).{1,278).(2,588),(3,880).(4,988),(5,1397).(6,1662),
(7.1976),(3,2218),(8,2490),(10,2794),(11,2138),(12,3323),(13,3521).(14,3852),(15,4187),
(168,4435),(17,4899),(18,4979),(18,5275),(20,5588),(21,5920).(22,6272), (23,6645),
(25,7041),(27,7459),(29,8000)); redharmnum=186;
mincoin:aray{1..redharmnum] of byte=(1,2,2,3,3,4.4,5,56,7,7.8.8,9.9),
dim=1000; note='d"; fragm="cord1"; accur=1; lim=50;
type mainiype=record ampl.rea); freq:integer  end;
var ijk.ineger; spfrag:aray[1..dim] of mainlype; spnote,spcomp:aray[1..redharmnum] of
maintype; coinarramay[1..redharmnum) of byte; sourcef sourcen:text; max,v,deviation:byte;
procadure compare,

begin
1:=1; j=0; repeat j:=j+1; colnarfj]:=0; for!:=i+1tokdo :
if spcompfl]-freq<>0 then { Nen-significant harmonics aren't taken in account }
if abs(spnote{i). ampl/spnote{l}.ampl-spcompli).ampl/spcompll).ampl)<accur
then coinarrf]]:=coinam{jl+1; i=i+1 .
untll (i>k-1) or {coinarj]>=k-i) end;
begin
assign(sourcef fragm); { Reading the spectrum of the fragment }

reset(sourcef); 1:=1; while not eof(sourcef) do

begin readin(sourcef, spfrag(i].ampl,spfrag[i] freq). i=l+1 end; close(sourcef);
assign({sourcen,noie), { Reading the reduced spectrum of the note }
raset{sourcen); readin{sourcen k), i:=0. :
while not eof{sourcen) do

begin i;=i+1; readin{sourcen spnote[i).ampl spnotefi].freq) end;, close{sourcen);
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for i:=1 to k do { Selecting appropriate ampiitudes }

begin
j=spnote(i].freq div 8;
if (abs(spfragf]].ampl}>abs(spfrag{j-1].ampt)) and
(abs(spfrag(j).ampl)>abs(spfrag[j+1].ampl) and (abs(spfrag(j}. ampf)>lim) then

spcompli):=spfragli) else
begin ]
I:=1; { Taking in account deviations }
while (1<=26) and (spnote[i].freq>=devan]l,2]) do I:=1+1; deviation:=devarrl,1];
vi=0; I=1;
repeat '

if (abs{spirag(j-I}.amph>abs(spfrag(i-I-1].ampl)) and
(abs(spfrng[}-l].ampl)>abs(spfrag[‘|-l+1].ampl)) and (abs(spfrag[-fl.empl)>lim) then
begin spcompfil:=spfragli-; v:=1 end
else
if (abs(spfrag[j+I}.ampl)>abs(spfragfj+}-1}.ampl)} and
{abs(spfrag+]].ampl)>abs(spiraglj+!+1).ampl) and (abs{spfrag[j+].ampl)>lim) then

begin spcompfi]:=spfragli+lj; v:=1 end;
I=l+1 until (>deviation} or (v=1); :
if v=0 then spcompli].freq:=0 { Fixing non-significant harmonics }
end end;
it spcomp]1].freq=0 then. { First harmonic isn't significant }
writein(Note “+note+' does not sound in '+fragm+' at allt’)
else
begin compare;
max;=coinarm1]; { Counting the pairs being in coincidence }

for i:=2 to | do if coinan{ij>max then max:=coinart{i]; ]
it max>=mincoin[k] then writeln{Note "+note+ sound in +fragm+' ',
'm.c.=", mincoinfk},’, r.c.="max)
else writeIn(Nole "+note+' not recognized in “+fragm+" - ",
‘m.c.=" . mincoin(k],’, r.c.=',max) end
end.
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