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1. INTRODUCTION

It Is 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 'eutomatlc recognition of musical

lnstmment'? It means to create such a computer program. which will be able to detect whether or not

the given instntment sound in the given Interval of mustc.‘ '

One willn't be able to recognize musical Instntment, it he doesn't already know how does it sound.

Likewise. the spedntm of the note must previoust be established an order to make computer 'know'

what the timbre of this note looks like). then the speotmm of the musical tragment must beobtained

and finally. these two spectra must becompared each to other in order to detect. whether or not the

given note sound In the given tragment. It's obvious. that it 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. where tuliilled by us on the sounds of piano. It should be noted.

that If we consider spectra or musical sounds as they are usually represented in the literature In musical

acoustics (see fig. 1: for processing purposes it is more convenient to represent misinformation as the

sequence of pairs. where first components are Irequencies and second - amplitudes). we'll see that two

different notes oi the same Instrumem don‘t look alike at all [21, 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 notes

have much difficult spectra then the notes of other instruments. though this method must be examined

in any situation of course. This paper is only the first attempt (as tar as I am informed) of solving this

problem. hence there are a lot at questions in it to be improved and investigated In future.

2. OBTAINING THE SPECTRA“ »

According the Fouriet theorem. every periodic tunction can be represented as the sum:

A.+A.sin(u+w.)+A:sill(Zao+rp1)+...+A.sin(knt+¢t)+.... where m is the frequency. which is related with period

as tollowing: m=IlT [1]. Components of this sum are called harmonics. We call A.the amplitude at i-th

harmonic. (p.- the phase, The frequency of i-th harmonic ls im. Let’s call at the main frequency.

Sequence of pairs ((o.A.). (2m.A:)..... (kox.A.). is called the spectmm (note that we need to operate

only on finite sums).

The experiments were fulfilled on the digital 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. Assume. that

these are values of some discrete function f and let's extend this function using the formula:

t‘(x+N)=i(x). Thus we‘ll obtain some pen'odic oscillation with some frequency. in the case when the

digital record Is made on 44.1 kHl. the frequency of this oscillation. measured In H1. will be «100/ N

Hz.

As weVe already noted, first we must obtain the spectra of the given note of given Instrument and the

musical fragment. Of course, we must take this latter not very big. On the other hand, It mustn't be very

small. because as we saw, the frequency of the fragment depends on Its length: small fragments have

big frequencies. Frequencies if high harmonics are multiples if the main frequency. Thus if the fragment

is small. Its spectrum ls poor with herrnonia and recognition of the Instmment from such spearum is

much difl‘icult, than from the rich one. it reminds the natural case: if the duration of the musical interval

is very small, man is unable to recognixe 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 some N both tor

note and musical fragment, because in this case harmonics from these two spectra to be compared, will

be of the same frequendes.

Let's take 5512 as the value of N. Then the frequency of the Interval will be 441005512. It is about it

H1. Our choice is motivated by the fad. that interval with durationof 1/8 of second is quite small and at

the same time has enough length for recognition. In other words, the spectrum with main frequency

ro=3 is rich enough for automatic recognition. It‘s quite sufficient to consider our problem in the range a-

8000 Hz, so the value of k, the number of spectral components, must be taken equal to 1000.

Now we have complete background to realise the program, based on the well known technique of

practical harmonic analysis |1]. On the input we have N values or some function and on the output we

obtain It spectral components: pairs consisting of amplitude and frequency of every hannonlc.

3. REDUCTION OF THE SPECTRUM

Obtained spectmm 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 hannonia with non-
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maximal amplitudes Further. if the amplitude ls quite small it mustn‘t be considered too. 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 spearum of piano note a' obtained by the program mentioned In the

previous section. Observe. that all 'little' amplitudes to be discarded are below the horizontal line

signed with 'lim' and the frequencies of significant hennonlcs 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 note

is played and ets.) and may vary for partiurlar cases. Although we noticed some relationship between

the biggest amplitude and 'Iim'. Further experimentation may clear up the precise nature of this

relationship "»
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Frequency of the first significant harmonic determines the height of the note on our example 440 Hz)

and other frequencies of reduced spectnr‘m may be deviated from multiples of this frequenw as it is

evident from the chart. Taking in account all above. we can now reafise the automatic reduction of the

note spedrum. Such reduced spectnrm is ready to be compared with the entire spectrum of musical

Interval.
\

4. COMPARISON

Given the reduced spectrum of some note of some instrumenLand whole speanrm of some musical

interval we have to work out thealgorithm of comparison and decision: whether or not this note sound

in this interval.

The idea is following: 1) consider first harmonic of reduced spearum and select appropriate (with

same frequency) harmonic from musical fragment spectrum. If this latter Isn't significant in the sense of

previous section, then the note doesn't sound at all; 2) if the harmonic from cord spectnmt is significant

we have to do following: consider all harmonics from reduced spectrum and soled appropriate \

harmonics from non-reduced one (again there may be some deviations fmm appropn’ate frequencies).

Now consider the ratios of all possible pairs of amplitudes from reduced spectrum and compare them

with appropriate ratios of selected amplitudes. If many of them are close enough with one another, it

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. It may mean that the note really doesn‘t sound. or its spectrum is distorted by other sounds

taking part in the cord.
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The meaning of the term 'oiose enough' Is that the difference between appropriate ratios ls less than

some precpecitied number. The meaning or the term 'many of them' is that the number of ratios which

are dose enough is more than some given number. These two consents depend on many factors and

their universal values must be established under the emeriments.

Thus the main Idea of comparison Is that if the shape of note spectrum is retained in the cord

spearurn, the note sounds. The other notes which take part In the cord have own harmonics and some

of them may be of the same frequency as the some harmonic from reduced speotnlrn being

considered. 80 they change values of amplitudes and consequently, the ratios where these amplitudes

participate are changed too. That ls why we must consider all possible combinations of amplitudes and

If we are lucky and many of them are unchanged (or changed a little bit) then the recognition is

Note.

In appendix we anctose sample program of recognition based on the algorithm already described. The

code is given on the Turbo Pascal language. We divided the range “00° Hz on 28 Intervals and

specified the value of maximal deviation tor each one. This data are placed in the array ‘devan‘. First

components are deviations (we took them equal to 1/4 of the tone) and the second components are

frequencies. The constant 'redhamtnum' possesses the maximal number of harmonlm In reduced

spectmm. Components of the away 'mlncoln' are minimal numbers of ratios should be In coincidence

with the acwracy 'given In 'accur' (to. If the reduced spectrum contains 0 spedrai components.

minimum number of pairs should be in coincidence Is 5). 'dim' is the number of spousal components In

non-reduced speurum. 'llm' is the limit of significance. Spedral components of the fragment are

loaded in the file with name 'coldl' (assigned with variable 'souncet') and reduced spedrllm of the

note is loaded in the file named 'd' (assigned with variable 'sourcen').

d CORD! CORDZ

NN freq man freq ampl freq ampl

152 929.4992 152 704.1992 152 733.6037
296 466.0112 296 345.6308 266 369.5172
440 136.2480 432 495.6247 440 1071.619

592 391.9101 592 253.1224 592 645.6127

736 123.529 736 237.6025 736 99.90437

068 66.46567 666 109.6469 660 236.4142

1032 148.1926 1032 130.4624 1032 72.72081

1326 64.56365 1326 255.9274 1320 276.6%2

1460 1032274 1440 159.5261 1460 159.6716

10 1632 1239652 1632 130.353 1632 6212057

11 1764 52.61161 1768 94.56027 1764 271.5673

12 1936 57.1374 1926 57.2394 0 572394

2066 116.6307 2086 72.77373
2240 93.07615 2240 115.001
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In the table 1 we arrange the spectral components extracted by the recognition program from the piano

note a and two different cords. In the first cord note takes part. in the other - it doesnt. Number of pairs

(1 .l), I>1 which ratios coincide with appropriate ones Is 3 for cordt. Thus the program continues work

and considers pairs (2,I). i>2. then pairs (SJ), I>3 and so on. For cordt the maximum, which is equal to

a, is reached on pairs (6.I). It Is equal to the necessary limit of coincidence (see appendix). so the note

sounds in the oordf. As for cord2, one can check that on every stage the result is less than necessary

limit, so the note Isn‘t recognized In cordz.
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5. RESUME

The process at automatic recognition of musical Instrument consists of following stages: establishment

of spectra for given note and given musical fragment. reduaion of the note spedrum and comparison.

There are tour conaanls the result or this process depends on: unit or measure Ge duration or interval

being considered). limit of significance of harmonics. accuracy of coincidence of ratios and limit at

coincidence. Optimal seledlon of the values tor these constants Is the sublet: ol Iuture Investigations.

Interewng questlon arises ooncemlng the timbre oi Instrument: listening two different sounds at same

Instrument we guess that we’re dealing with one Inanrment. but when looking at their llmbres (see fig.

1) they are ditterem. Whr? In other words. what Is the common diameterlstic ot sounds or musical

Instrument expressed in numbers? Our car claims. that such a characteristic exists

Finally, we list up some possible applications or the method outtlned here First. the program of

automatic establishment of scores may be obtained, Further. some visual eflects (on the computer

screen) may be related with the sounds of ditterent musical Instruments making pleasant listening and

deeper perooptlon of the piece Finally. as the vowels in human‘s speech can be considered as the

sounds of some height made by some musical instrument, In our opinion. technique described here

may be useful for automatic Identification ot a person by the timbre ot the voice

6. APPENDIX

program recognition;
( some strange way at anangement of operators ls caused by the limitations on space)

oonst
devamarrayto..26.t ..2] of integer=((o.0).(1.278).(2.588).(3.880).(4.988).(5,1397).(e,1662),

(7.1976).(a.221a),(a.24ao).(1o.2194).(r1,3136).(12,3323).(13.3521).(t4,3952).(1s.4137).
(16,4435).(17.4899).(1B,4979),(19.5275).(20.5588).(21,5920).(22.6272). (23,6645),

(25.1041).(27.7459).(29.8000))1 radltannnum=teq

mlncoin:an-ay[1..redharmnum] or byte=(t.2,2.3,3 .4.5,5,e,7.7.a.a.9.a);

dlm=1000; note='d'; Iragm='oord1'; aocur=1; llm=50;

type malntype=record ampl:real; freqzinteger end;

var iJ.k.l:lnteger. splragzarrayltudim] ot maintype; spnote.spcomp:array|1..redhennnum] ot

maintype: ooinamarrayl1..redharmnum] of byte; sourcehsourcanztext; max.v,deviation:byle;

procedure compare;

begin
I:=1; ]:=O; repeat j:=j+1; colnanfl]:=0: tor tz=i01 to it do

|lspcompll1ltreq<>0 then ( Non~significant harmonics aren‘t taken in account )

It abs(spnote[l].ampllspnotetli.arnpl-spcornpli].ampllspcomplllamplkamur

then calnarrfl]:=coinan1j]¢1; i:=i+1 .

until (l>k-1) or (oolnan‘ll]>=k-l) end;

begin
assign(souroel.tragm): ( Reading the speanrm of the fragment )

reset(souroel‘); I:=1; while not eot(sourcel) do

begin readln(sourcef.sptrag[i].ampl,sptrag[l].treq); I:=l91 end: olose(souroel);

assign(sourcen.note): ( Reading the reduced spectrum oi the note }

resettsouroen); readln(sourcen,k)-, i:=0;

while not eot(souroen) do

begin i:=i+1: readln(sourcen.spnote[i].ampl,spnote[i|.lreq) end; close(sourcen);
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lor l:=1 lo k do ( Selecting appropriate amplitudes)

begin
j:=spnote[|].freq div 8;
II (ahs(spiragfl].nmpl)>abs(spimgu-1].arnpl)) and

(abs(spfrag[]].ampl)>ahs(spfrag[i+1].ampl)) and (abs(splrag[l].ampi)>llm) then

spwmpifli=snfmuiii else
begin _

I:=1: ( Taking in account deviations )

while (I<=26) and (spnole[i],freq>=devan'[l.2]) do I:=l+1; devialion:=devan1l.1];

v:= . I:=1:
repeal

If (abs(splrag[j-I|.ampl)>abs(spfrag[l«I-1].ampl)) and

(abs(spiragu-Iliampl)>ahs(splrag|j-l*1].ompl)) and (abs(spfragfi-I].arnpl)>llm) lhan

begin spoompfil:=splrag[i«li; v:=1 end

else
ll (abs(sptrag[i+I].ampl)>abs(sp1rag[j#i-1].ampl)) and

(abs(spfrag[]+l].ampl)>abs(spira§[j+l+1).arnpi)) and (ahs(spfragfi+l].ampl)>lim) Ihen

begin spcomplil:=splrag[i+l]; v:=1 end;

I:=I+1 unlii (l>devlalion) or (v=1);

Ii v=0 than spoomp[i].lreq:=0
end end;

if spoomp[1].ireq=0 men. ( Firs1 harmonic isn'i significaM}

wrilelnCNole ‘+noie+' does not sound in '+lragm¢' at aill')

else
begin compare:

:=r:olnan{1]; ( Counting the pairs being In coincidence}

tar i 2 to] do if ooinantil>max lhen max:=coinarr(i1; _

nooin[k] then wrflelnCNoie '+note*' sound in '+fragrno' : ‘.

'm,c.=',mincoin[ki.'. Lo.=‘.max)

else wnieinCNole '+note+‘ not recognized in '+Iragm+' : '.

'm.c.='.minooin[k].', r.c.=',max) end

  

( Fixing non-significant harmonics)

 

end.
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