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Abstract 
 

In this diploma thesis we handle the feature extraction problem from monophonic music signals. More 

specifically, firstly, we study the music recognition problem, which first and main step is pitch estimation 

/tracking of each note. Secondly, we handle the following and matching problem of the recognized input 

sequence with the reference sequence, i.e. the score of the musical piece. Because of the two modules 

performing in chain and the output of the first module is input in the second module, we evaluate the success 

of the Recognizer module. The evaluation is held with a set of test-cases performed by beginner students 

under real-world conditions and we propose improvements in cases, where the module fails to recognize 

correctly some notes. Last, we study a performance evaluation module, which takes as input the matched 

sequence and calculates the mistakes of the performer. We also search ways of automatic identification of 

bad quality tones, based on the spectrograms of these tones. 

 

 

 

 

 

Key words 
 

Estimation, tracking, pitch, note, tone, monophonic, music, score, following, matching, performance, 

evaluation, spectrogram, signal 
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John R.Pierce,1965: Portrait of the Computer as a Young Artist 
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1   

  

  

1.1   

1.1.1  

   (Music Technology)       , 

  , , , ,    . 

           (Computer 

Music)       ,   

,  

-

    ,   ,  

 ,  ,       

 (Human-Computer Interaction, HCI). 

 

 1:      

     ¨ ¨       

,         

   ,      .  

           . 

         /  . 
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1.1.2       

           

    . ,      

             .  

           . 

       .     

        ‘50    ,     

 .            

: 

1.    /  (Music Generation/Modeling)   

         (Algorithmic Composition) 

     .      , 

             

.     ’70-’80      

      .  ,   

         ,  

     .      

         

             

  . 

  ,         

 .  ,       

     .         

          . 

,            

     ,      

   . 

2.   /   (Sound Generation/Modeling)    

        40 .    

    ,    ,   

     ,      

   .          

        ,    

     . 

           

   (feature-driven),    Audio Mosaicing.   

      ,    

,  ,       

          . 

3.  /   (Music Performance Analysis/Synthesis).    

          

 ,           .  
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       .  ,   

          .  

           

   .         

    ,  Analysis-by-Synthesis (AbS) 

         . 

            

,              

,           

    ,        

   .         

 . 

4.   (Music Interfaces).       

              

  .           

  « »           

.          .   

           

            

            

  .  ,         

         .       

    -       

- .            

             

 .            

 ,          

 .         

  .  Internet          

            

. 

5. /     (Music and Audio Understanding /Retrieval). 

             

.          ,   

,  ,   ,       

       . 

 

           

              

 .       (  )  

       .    

       ,     : 

  ,   -  , 

 , ,   .       

          ,  
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,   ,     .     

            

          .  

           

            

 .         

            

        . 

 

1.1.3     

 

            . 

            

          .   

    (plucked strings) [KVJ93]    

[SH93]. 

           

 (Automatic Music Accompaniment ),     [Dan85, 

Ver85, DM87]             

  [Pac02].         

     [Hur95].    

      (score alignment  score following)  

            

[Rap01b, OD01]. 

    « »        

[Ver04].          

    « »,           

      . 

               

  ,    (time scaling) [RSB05],   

   attack ( ,     ).   

   realignment  drum loops         

      [AP05].     

              onset 

[GPA03b]. 

           , 

      [Cas94].       

  , ,      .  

            

        [ADH04]. 

,          

  micro-montage     [Cai04].    

  « »   ,         
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  .  Music osaicing [ZP01, Cas05]        

          . 

         [Jeh04, Col04]. 

    (Music recommendation)      

            

,          .  

            

       [Wan03].     «Query 

by Music»       [PPW05, Tza02].  

            

 .          

    .          

 . 

 

1.1.4      

 

            

.            : 

1.       :    

         

       ,     

  , ,    [Hof88].   

              

   ,       

[LeB97].  ,           

  [ S83].        

    .      

     ,        

 .          

  ,   -   .   

,       ,     - 

    -         

        .  

  GUIDO [Hof75, Hof81],        

     ,  ,      

             

,              

  .          

   MiBAC,  Music Ace   Practica Musica.     

         MIDI 

           

  . 

 

2.       :    
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    .        

   [Swa79]   ,      

        .    ,  

        «   » 

(«playing by ear»)          

. 

  Tunemaster [Kir86]     «   »,  

             

 . ,         

         .  

          . 

     Piano Tutor Project [Dan90].   

         ,  

          

          -  

 .         

    ,        

   . 

             

      .    

        (INTERPRET) 

[Bak92]        ,      

   . 

    -      

 pianoFORTE [SWK95],        

       ,       

.      MIDI    

       ,  ,  

            

. 

 

3.    :        

            

  ’    [Ben87]. 

             

        .    

        [Bak89a,b; Rob94],  

   « »   [Gro75],      

      [Blo81]. 

         

, ,      [Alp80].   

     ,  ,    

    . 

            

[Gro75].           , 

  ,   ,      

     .  
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Bach, Haydn, Chopin  Dallapiccola    ,    

,       . 

        ,  

           

 .        

     ,       

 . 

 

4.      :    ,  

          

      .   

         

,         . 

 Music Logo [Bam74]        

    .         

  Logo         

 .       

    Bamberger         

    [Bam91]. 

         

         

 [Lam82].           

        , 

       . 

          

        ,     

  [Sor87 Tob88]. 

       (Intelligent Tuition Systems, ITS), 

        [Nar90]    [Bal80] 

     MOTIVE [SH94; Smi95]   Harmony Space [Hol89, 

Hol93].To MOTIVE          

            

   .  Harmony Space     

            

    .         

   ,         

           

. 

 [Coo93]          

       .    

          . 

    ,        

   -    ,   

     . 

         .     

   «     » [Lev85].     

 ,         

          

 . 
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1.2    

  ,          , 

          . 

1.2.1  

              ( )   

            ( ).  

            .    

      .        

     ,          

.            ,    

   . 

 , ,     ,    .     

   .             

   ,    ,       .   

                  

  .    ,         

    .         

 .           ,     

    , . . , . 

          ,        

 .               

            . 

   ,          .  

              

   .        

(compressions).        (rarefactions). 

 

 

 2 :         
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 3:      

 
 4:   

          .    

        ,     

  .        ( .     

,       ,    ,     

        ). 

           .  

        16Hz   16kHz.    

      10         

.              27.5 

Hz      4kHz. 

 

 5 :     

                

     . 
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           (pure tone)  

     .       ,    

 ,           

.             

  ,      . 

            .   

           ,   ,   

      ,   . 

         (fundamental).    

 partials ( ).          

 (x2, x3…  x14)      (harmonics). 

      « »    « »,    ’ 

                 

     .       

   ,       . 

,     ,       

 ,          

. ,       : 

)()sin()()( tetktkAtx kk  

:    x(t)         

        

k (t)     k-     t 

k     k-  

e(t)     (     ) 

               

     (timbre).           

    4kHz,         

               

     . 
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 6:           

            . 

      , . .        

 .              

        .  ,  , 

      20kHz  25kHz. 

   :   ,         

  ,  . «  »      (  

)     , . . .        

.                

 ;              

 . 

       .     

       .       

. 

       .       

  : 

1.  ,    ,  ,   

 , . . 

2.     ,  ,  , . . 

       .       

          ( .    

).               

              

.      .       

    .          ,  

  .           

 ( . .     « »  )    .    

            ,   

    . 
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 ,          .     

           ,  

        . 

 

 7:    .        

 . 

             .  

   -G ( - )          .   

              .      

« »               « »   

    ( . .     440Hz      

 880Hz). ,           

 ,           . 

  ,     ,   . . .     

   (spectrum).       ,     

 ,           .   

    ,        

           . ,     

        . ,     

           .     

        . 

    ,    , 

            

 .       .   

          .     

           

,   . 

               

        ( .        

 ). 

                 

.           .  

       .     

              

   . 
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 8:     . 

      (    )     

     .    330   .    

            : 

v=f *  

     : 

1.       

2.       

3.       . 

 

1.2.2  (Loudness) 

   (   )         

   .           

    . 

   ,    . ,      

      .         

        Watt.       ,  

               

      .       

    (intensity). 

        .      

     ,        .  

,            

   decibel (  dB).        0 dB.    

        -  «    » -  

 120 dB.      ,      (120 dB) 

   1.000.000.000.000 (1 )     

    (0 dB)! 
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 9 :    

 
 1:    

  «  »     : 

        ,   (  Watt)    

           10 dB. :   

 (SPL) 90 dB     10 Watt     

      100 Watt   SPL   100 dB. 
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          3 dB   . 

:    (SPL) 90 dB    10 Watt.    

  20 Watt,  SPL    93 dB. 

                

      ,      ¼ ( .,  

 6 dB). :    20    ,    

(SPL) 90 dB .         40   

   SPL 84 dB. 

     ,         

        (intensity).       

  ,         .   

              

   . 

              .  

     (    ). 

               

   .         

.              

      .        

         .     

                

        .      

              

.   ( )           (  10).

  

 

 10 

 (loudness) ,           .  

   ,  .          

         . 

              .  

            . 

               

        .        
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 .             (  

)  . 

       ,         

       .      . 

  . 

  ,          .    

           . 

 

1.2.3     (Pitch) 

        (pitch).      

      . ,     .     

 , o              

.       mel,    1000 mels      

  1000 z   60 dB.           

              

  .           

 . 

    .   (Hz)      .  

        ,      

     . 

1.2.4    (Timbre or Tone colour) 

                

     .       

         .  

,      «  C»   ,      

.    (       C),    

 .           

  (harmonic series)     (overtone series).    

       ( ., 2X, 3X, 4X, . .). 

      .       .  

              

   .        ,     

          .   

           . ’ ,   

          .     

      .       

               .  

             

 ,        . 
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 11 :   -  

  

Harmonic # of Nodes # of Antinodes Pattern 

 
1st 2 1 

 
2nd 3 2 

 
3rd 4 3 

 
4th 5 4 

 
5th 6 5 

 
6th 7 6 

nth n + 1 n -- 

 

 2 : ,   -  

               

  .       .   ,  

        .  ,    

        « »,   «  » 

   « ».    ,       

  . 

        .  

 (    )         

.     ,   ,   ,   

 . 

 

1.2.5  

  ,              

    .         

        . 
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1.3    

         ,   , 

      2 ,         . 

. .   C4   261.6 Hz,         523,2 z 

. . . 

           ,     

       .   ,   

     Bach    ,      12 

 .    2         

        ,     

         2,    1.059. 

          ,    

            

.          , 

          .    

 1200 .            

       3Hz,        

 5   1000Hz.    1000 Hz,     4 

. 

1.4     

          ,   

 ,            .   

              

,      ,    

          .     

        .      

            

  : 

 

1.        ,     

. 

2.   ,     . 

3.   ,     . 

4.       ,        

. 

 

          ,     

   .         

         :     .  

       ,      ( , 

),      :       

  ( , onsets, . .),          

.           .     
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      «  »    

  . 

 

 
 

 12:     

 

 



 

 

28 

2 
         

     

  

/  (        ) 

           

) 

            

 

 

  

  

 .          

          

. 

  ,         

,      : 

1.  

2.   (

  – . .  

3.   

4.   

5.    

6.    

   

    .      

        ,    

 . 

//

 

 )        

 13 :            

 . 

          

         ,      

          VEMUS. 

    VEMUS            

  .         

           .  

           (   

    

  .        

 ,  ,          

    . 
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    .  

 ,            

  .     , 

    

.      ,  VEMUS   

 

  

     ,   

      . 

      

 .          

 .         

  ( , )           

 : ( )      

    (frame), (ii) -  .    

 

02] 

 

,   ,           

              

      

     . 

            

   . ,    

            

    . ,      

      :       

     

            

  . 

   ,       (frame-by-frame).  

     ,       

(buffer)             

  .     ,     

 « »        

             . 

            ,  

       VEMUS.   ,     

           

       ,   . , 

          

  

     

2.1   

       

       . 

             

     

   . 

       

    : 

       [GR69, Kuh90]

     [Rab77, BHJ93, CK

    [Nol67, PG79a, Her88] 

   [Moo78]  
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   .          

 [Boe93]    «  

» (islands of confidence) [Raš98].       

.     ,    

         onset  .  Hidden 

      

[Ste99, SE03]. 

 

    « »  ,  

  

[NI86].   (2)            

           

[PG79b].            . 

,       

  .             

   

           

           

   [SL90, MH91, DML+03]. 

        .   

         .    

          . 

  -          .  

      

,            

     . 

           

(thresholding)   [RRS+98].  ,   (harmonicity) 

     ,     , 

  

Markov Models (HMMs)    

     : 

1.               

2.             MIDI 

. 

   (1)           

 

2.2  /  

      

   .     ,  « »   

      . 

        (     )   

   -  ( )   .      

        ,  

 .     ,    -   

 ,           . 
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    .  [SS97],    13 ,  

 

   ,         

    

    ,      

    .     frame-

by-   4  :  

   ,  

            

 . 

 

        dc offset  ,  

  

             

      dc .     zero-crossing 

              . 

        ,      

,         

  «  ».           

  ,       

. 

            .  

 ,            

,            

.            . 

    /    VEMUS       

     . ,   

    

frame   

  F0    ,  

       

    (centroid).  

   

2.3   

         VEMUS,   

,       ,         

   .       ( ,  

, [RCG76])         ,    

        .     

               

. 

          [BHJ93]  [CK01]   

 zero-crossing      .   

 



 

 

32 

 

 14:           

 

 VEMUS     ,        

             . 

   : 

    ,  

  ,  

       

   .  

            

    ,            

        . 

      ,        

      Kaiser  20.         

     ,   .      

             

       .        

        . ,   

  ,         

             

    3 /   ( . 400Hz),    

      3msec (   ).   

              

    (note onset)    . 

        ,      

,         ,     

.             

           ,    

 



 

 

33 

 ,       0.01     

   . 

 

 15 :             

 

,              

,      ,      

      . 

 

 16:          . 

 



 

 

34 

     (peak picking)      

    ,       

(  )    ,         

 (~400-3000Hz). 

           

,    .          

      -   ,   

          . 

 ,     ,    

      .     

,             

      ,       

              

         3 . 

 

 17:         

 

 



 

 

35 

 

 18:           

 

 

2.4    

     f0 (fundamental frequency estimation)    

   (pitch extraction)           

   .         

 50   .           

    ,          

 ’              

     . 

         ,    

 .            

, f0,    -  ,     

   ,         .   

         .    

    ,          

    f0. 

    f0        .   

          ,  f0     

.         f0,       

   . 

 



 

 

36 

 

 19 :     

 

 20:       

 

 21:       

 

 22 :          

 

           

    , : 

      (FFT, LPC  LSF, cepstrum) 

      ( ) 

   

    . 

 



 

 

37 

  VEMUS,         

             

.         ,    

 [Boe93] [Del00],    AMDF [Yin00]    

    .         , 

          , 

  partials (« »). 

      ,    

  [Nol69]      LPC  Cepstrum . 

 Durand   Gomez  [DG00]         

,               

 ,      .     

             

  ,           

. 

   VEMUS,   ,     ,  

            

           .    

            

      ,      

    . 

    ,     Fourier 

[Gol64], Cepstrum [Nol67]      [Bak96; Got00],  

     .        

            . 

   DFT       , 

   zero-padding       ,     

    .         

    DFT .       

 Phase VOCODER,    [LD99],      

 FFT        partials  . 

           [Dix97]  

[DAFX 2000],             

,         .    

        ,    . 

              

   Gold-Rabiner  [GR74],        

   ,          

   .       ,    

      . 

        .      

  R     FFT. 
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 23: FFT-based       

 

         ,    R  

        ,    (resolution) 

     .    (  

    ,    . .)      

         . 

            VOCODER    

   FFT  .     FFT -

,     FFT : 

 

 

 fs      .        

FFT,        : 

 

 k0   FFT bin   .       

  : 

 

     ,    ,  

              

 

             FFT, 

      R : 

 



 

 

39 

 

        FFTs     FFT 0. 

   FFTs    R ,     

   0 : 

 

           

  FFT      R ,     : 

 

     unwrapped  2        : 

 

 unwrapped     2u = 2t – 2err       

   : 

 

           420Hz  

fs=44.100Hz,     1024 FFT    =430.66Hz       

R=1   = 419 z      . 

               

   .    FFT      

   ,         , 

        ,   ,   

. ,       ,     

   FFT   512    R=1,     

32ms.      ,       

     (          

  ),     95%,     3,2 

ms.           attack      

-         . 

  ,          

(  ) « »   FFT       (  , 

    ,      400  2500Hz).     

           

 .  « »          

      . 

 



 

 

40 

        ,  

    VEMUS     ,    

       .     

    4    ,     

         . 

 

 24:     F0. 

O             

           . 

           ,     

    : 

1.     

2.     

3.     

4.    

        VEMUS     

100-4000 Hz.     22 kHz       

         (  ).  

       (frame-based).     

  .            

.     ,   

        ,   

    .     

   10ms      .   

      5ms     

  .   ,     

 



 

 

41 

             

.  

            

  VEMUS     .     

           ,  

              

.            

     , . .    

          . 

           

-    .         

    50-100 ms (5-10  )      

      (        

          ).  

     «islands of confidence»     

      .     

 ,           

    .   «islands of confidence»     

   ,       

. 

 

2.5    

              

       (semantic objects). 

             

             

   :     - onset -   - offset [MR97, Kla99b].  

    onsets          

  attacks   [Mas96, JR01],       

 onset   [Bel03, Kla04],         

(sound editors)           [Smi96].   

  onsets        [GD04]   

   [DGW04].      

   onset       beats [Sch98b, DP04].  

        onset  ,    

,         [PAZ98].  

        onset      

         . 

      onset       

    filter-bank     .   

    :        

 ,             

   onset [RSB05]. T       
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 (note events).         . 

 

 

 

 25:            

 

 



 

 

43 

2.6    (ONSET)   

          transient, onset  attack  

.             

 . 

 

 26: Onset, attack, transient  decay   

  attack              

. 

    transient      ’ .     

   transient          

    .     ,  

transient             

          

.       :     

   2 transients     10 ms  .   

  offset       transient. 

 To onset          transient (     

     ). 

 [MR97]    onset       «    

 ,        ,     

     ». O  onset detection       

      [Kla99b]. 

     onset    22.    

    23   snare       10 ms, 

         ,   spectrogram   

        .         

    attacks,         

      « »   .      

      (percussive onsets).   , 

    ,       23,    

270 ms.     '   ,        

  . 

 



 

 

44 

   ,      ,    

    ,        .   22 

     (  )       

 .              

      .  Onset  -     

  (tonal onsets).       ,    

      ,     .     

     tremolo,        vibrato. 

           ,    

 . 

 

 

 27:      onset 

               

        ,    

  . ,            

         ,      Klapuri  

[KUS01].             (   

attack)       (steady state)   .  [Mar98], 

          ,     

       . ,      

      . 

 



 

 

45 

  

 28:         (     ) , 

  .       . (  [Mar98]) 

             

          . 

  ,   onset  offset      .  

    ,        «  

 (islands of confidence)»,        

 .            

    ,           

      .        

  ,           

       .     

        ,        

       .    

         ,  

      . 

 

 

 

 



 

 

46 

 

 29:    1      2

        ,     

             

.  : 

  4  partials ( ,   ). 

    . 

   

       

 ,       ,  

       .    

            

. 

    : 

•     .       (pitch),    (   

   )    . 

•              . 

              .  

           ,    F0 

       f1  attack  . 
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•         .     

         ,     

        . 

•    .            

  . 

•        .   , 

  ,         , 

           « » 

  .           

 ,         ,   

  . 

             

           . 

 

2.7   3  

  ,            

     ,        . 

   ,        3 

           ,  , 

 . 

 

 30:     3  

        ,    

 ,          ,   

       - ,     

         ,     

  .   ,       

              

    .    VEMUS,    
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,           

.             ( . 

11msec)    ,         

 ,          

    . 

 

2.8    

     ,      

 .             

        (      ), 

               

      ,   : 

            ,   

 .    ,      « »  

          . 

     (       )  ,   

,   .            

         . 

             

   '   .    ,   

         '     

.      ,      

  . 

                

    . 

 



 

 

49 

 

 31:        PDF    

            

  . ,        

             

      . 
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2.9    

          . 

           

  .          

        .    

        . 

           

    . 

           .wav.  

       : 

   

f0.bin    Hz 

rms.bin     

spectrogram.bin      

  1   ( ) h1.bin 

  2   h2.bin 

  3   h3.bin 

  4   h4.bin 

buffer.mtx   

buffer.Textgrid     

   Praat 

 

   f0.bin, rms.bin, h1.bin, h2.bin, h3.bin,  h4.bin    

: 

 

4B floating 

point value 

4B floating 

point value 

… … … 4B floating 

point value 

fT value1 … … … valueNF

 
fT values per second 

 

 fT     f0/rms/hi 

 NF =   / fT; 

 {value1, ..., valueN}    . 

  spectrogram.bin    : 
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4B floating 

point value 

4B floating 

point value 

4B integer 

value 

FFT frame 

data 

… … … FFT frame 

data 

fT fN NB frame1 … … … frameNF

 

fT frames per second 
 

 fT        

 NF =   / fT 

 fN   Nyquist (    ) 

 NB     bins      FFT (    

 FFT) 

   i    : 

 
4B floating point 

value 

… … … 

 

4B floating 

point value 

 value1 … … … valueNB

 

  (default values) 

          : 

 fT = 200 Hz 

 fN = 11025 Hz (    -  / -  

 22050 Hz,   ) 

 NB = 256 (    FFT  512 ( 23 msec)) 

 

     

  

      

   Hamming 

    . 

 

  

        FFT 

    FFT         NB*f0*i / fN 

             log10() 

           

           

       i . 

 -      : 

 value = -1.0 (  ) 

 value = -2.0 (     NB (   FFT)).   

         ) 

 value < 0 (      FFT bin  . 

      1     ) 

 



 

 

52 

 

   

         , 

    (  10 msec).  

      5 msec; 

  -   f0        

 

 -     f0 : 

 value = 0.0 (  ) 

 

   

            ,  

     ,        

      . 

 

    (buffer.wav)   buffer.Textgrid   Praat  

       .    

,   onset  offset   ,  ,  ,    

   . 

 

 32 :    Praat 
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       .     

               

            

  33.           

 . 

 

 
 

 33:     
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2.10     /  

         

,           : 

    ,       

 .           

 tempo      . ,       

   . 

             

.              

( 4=440 z). 

           .   

            

onset.         .  

             

   . 

             

          . , 

            

  . 

    ,     .  

        ,  

     Praat      

      . ,      

       . 

 

2.10.1         

 

           .     

              

 .            offset   

        .       

   ,        , 

       ,      

. 

                

   ,          , 

               

                 

   (            ). 

  33       .    

 G#3 (pitch=406 Hz)            

         ,  3 (pitch=419),  
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       .     

  3          

            . 

 

 34 :          . Test-

case «Martin_The Christmas song»_3.33 sec-3.699 sec. 

   : 3.33 sec -3.699 sec (G#3  3) 

  : 3.529 sec-3.699 sec ( 3) 

             

  .          

             3  

          .     

       (13 Hz)       3  

                

      . 

,          : 

 



 

 

56 

{If pitch(notei)   pitch(notei+1) and (intensity(samplei) < intensity(samplei+1) } then merge_notes 

 

 35 :          . Test-

case «Martin_The Christmas song»_39.68 sec-39.129 sec. 

   39.68-39.129 sec 

   38.94-39.129 sec 

 

  34            

.     D3 (pitch=280.369 Hz)        

             , 

 D#3 (pitch=292.283),         .  

     D3        

    ,            

  . 
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2.10.2       

 

            

    .           .  

        D#3  .     

  0.09 sec           

   (  ).          

              

              . 

 
 36 :         . Test-case 

«Martin_The Christmas_song»_71.44 sec-71.53 sec. 

 

  71.44 sec-71.53 sec 

         ,      

              

   .           

      .         

      ,        

       . ,     ,  

           . 
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2.10.3        1/8  

 

              

  .            

.   2.50 sec- 2.89 sec      G#3    

 G3   3,23 sec           

.          ,  1/8   

     38       . 

 

 37:       . Test-case 

«Sankta_Lucia»_2.50 sec-3.23 sec. 

   2,5 sec-3,23 sec 

 

 38 :   «Sankta_Lucia» 
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2.10.4        1/16  

 

  39        1/16     

.     47.43 sec-47.90 sec     310 Hz  

 47.90 sec-48.03 sec     293 Hz.         

       . ’      

       1/16    1/8        

         .      

     ,          

     ,       

        onset. 

 

 39 :       . Test-case 

«Fredrik_Jag_vill_ha_en_egen» 47.43 sec-48.03 sec 

   47.43 sec-48.03 sec 

 

 40:   «Jag_vill_ha_en_egen» 
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2.10.5       

 

       3   1/16, 1/16  1/8 

,    . ,    9.274 sec-9.464 sec   

  348 Hz,  9.464 sec-9.678 sec  332.27 Hz   9.678-10.120  350 z   

     42        

.            9.27 sec  10.12 

sec,  F3,          . 

 

 

 41:        Test-case 

«Johan_Moritz_julen er her» 47.43 sec-48.03 sec 

   9.27 sec-10.12 sec 

 

 42:   julen er her 
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2.11 /   

           

   . ,            

    .         

    ,       .     

             ’  

     ,       . 

   ,           ,  

    ,          

.             

,        .        

              

 ,           .     

                

,   . 

            

, ,        .  , 

           

 ,       . 

      ,      

   .       

              

       ,         

    . ,       

        .    

        ,   

        . ,  

   ,  ,         

              

          .  ,    

,            1/16    

 ,       .       

  ,           

          « » 

. 

               

,    /       

   .            

           

                

                

. 

             

  ,  ,       ,  
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,               

    (  ) .        

           , 

« »              

         (        

          ). 
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3  /   

    .  

   

        

,        

  

    ,     

 

 

  

    

,    

     

        . 

3.1   

         /  

     (score follower  score matcher ).    

           

       

              

             

      . 

,             

/ .     ,        

   .      

   IMUTUS 

VEMUS.    

       . 

3.2    

             

. ,          

   

   20 .  ,       

     . ,         

   . 

            

             

     . [14] 

           ,  

       . 

            

           20 

       . 

    1984     Dannenberg [Dan84]  ICMC (International Computer 

Music Conference),          

    .  

,          (string matching) 

    time warping,    : 
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      ,       

          .  

 .      

                

  ,        . 

 

 ’   

  

 . 

 

  ,  matcher  

                 

              

         . 

“  

         .¨,      

. 

  

           

. 

       ,        

 ,  Dannenberg        , 

     

     . 

     ,      .  

    ,       

  

    ,       

  [GD97]. 

     ,      Dynamic Time 

Wrapping (DTW)     Markov (HMMs) [OLS03].  

        ,    

     ,       . 

         

 (timing)    :   ,    

          . 

             

         .   

    [DSJ+90]       

  ,    . ,    

       ,       

         Dannenberg   

           VEMUS . 

 [DM88]      “matcher”,       

  ,           

.   matcher         

               

  .  ,    matchers      

       matcher,        

 matcher     . ’ 

 « »,     (       

       ). 

 [PL92]             

  (“skip list”)     .  “skip list”   
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.     ,      . 

 ,    

. 

3.3     VEMUS 

3.3.1  

.          ,   

     skip list.      , 

            . 

    matchers      ,  

          .  

      ,     

  [HDH00]       ,   

    .   ,    

     

      

   IMUTUS/VEMUS,       

:      (score follower)    -

  (score matcher). 

         . 

Score
Follower

Score
Follower

New note
events

Score position
change events

 

 43 :  -     . 

 

Score
Buffer

Score
Buffer

Performance
transcription

Performance
transcription

Score
Matcher

Score
Matcher

Score-to-perf
mapping

Score-to-perf
mapping

Perf-to-score
mapping

Perf-to-score
mapping

 

 44 :  -      . 

   

       : 

 

             

       .      

          , 

      « »  .  
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   . . 

      

    

. 

   .   

    

 

O  

  . 

/VEMUS)  

    

       ,   

,     ,          

              . 

 

         

          

 

           

.      ,       

  .      

     ’           

        . 

      .      

   ,          . 

               

                

       .       , 

             

,         .  ,   

             . 

       IMUTUS/VEMUS  . 

,       ,        

        

        

   (Performance Evaluation Module).

     : 

   ,         

,       

   ,       ,     

       . 

    ( . .      IMUTUS

       .    (  

    )    . 

        

    ,        

   ,   . 

    

               

   . 
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3.3.2      

            ( ) 

       .  ,       

               

  

 

  .    

   : 

( )       ( . .      ) 

     (  ) 

 

 

     

      

  

   ,          

          ,  

       « »  .     

                 

               . 

     . 

,    VEMUS       

 .            : 

       

    

           

( )        ( . .       

          ) 

,           

: 

     .        

 

 ,        .  , 

           

 ,       . 

        :       

              .    

      

,          . 

              

,           

    . 

              

       

.             

  (      ).    

       . 

            1- -1 

            . 
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Table 1:        

    

.       

 . 

 

 
 .    

      

. 

 
 

.        

   . 

 
 

 .      

  .  

 
 

   .   

  ,   

  . 

(     ) 

 

    . 
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            ,  

    .           

   . 

          […a b c d ]    

  [...a c ]          .  

      : 

      ‘b’     ‘c’.      

   ‘d’. 

     ‘c’    ‘b’, . .   .   

      ‘c’. 

       ‘c’.         

‘b’. 

           . 

       [...a b c ]       

 

       [...a c c d ]      

  

       [...a c b c ]      

  . 

,      ,     

       .    

           . 

           .  

          .  

            : 

     ,       

          ,  

     . 

               

,            

 .             

            

                 

             . 

,            .   

  , . .      .    

        .     

             

 . ,            

              

         . ,       
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     . ,        

          ’    

      . ,     , 

 ¨ ¨   ,        

         . (     

              

    .) 

 

3.3.3   

              

        .   

      : 

 :               

,     .        

          . 

 :              

       . ,     

        . 

   :          

  .          

         .  

       .     

      .   ,   

           

 (Performance Matching Buffer). 

       ,   time-

wrapping         . 

 Hidden Markov Models ( )       

.     s,       

   .  [OD01]       s 

    ,         

       . ,    

          IMUTUS,    

    ,   ,       

    . 

            

   .   -   VEMUS      

          ,  

       .   

         ,     

     .         

     . 
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  .         

              

            

 .          

              

 (   ,        . .). 

        `MatchNode’.  MatchNode  

             

 . 

 

   MatchNode       (      

 ) , ,      . 

 

   ,        

MatchNodes            

 .   ,     1 -1 ,   

   . 

 

 MatchNode    {end_pos.. start_pos}.      

 ,       MatchNode. 

  ,         

 .    ,    MatchNodes   ,  

  MatchNode       .      

    ,         

. 

            MatchNodes   

    .         

, .           . 

 

      ,        

.     ,     , .  

      .       

 , :«          

 ,        ,    

        » 

 

           ,  

                

     . 

 

       ,       

              

,              

   . 

 

 

 

 

 



 

 

72 

 

 

 
Match { 

for each tree leaf node { 

if node is matching then update node 

else { 

delete node from leaf node set 

 
// search for possible occurrences around current position 

create child node for next note occurrence (in window) 

create child node for previous note occurrence (in window) 

// assume inserted/wrong note 

create child node matching to the wrong note 

} 
} 

select the position to report / most possible match (heuristic) 

possibly prune tree (heuristic) 

 } 

 

            

  . 

           

   . 

 

  45 :         

 . 

 

    (  ) MatchNode,     , ( , , 

C)     . 

 

 



 

 

73 

,   ,    ,        (D).  

,             .   ,   

 MatchNodes (   ) . ,       

 ,    MatchNode ,      

         . ,      

,        D,   . 

 

   MatchNode   C   ,      .   

  ,     C. 

 

            .   

  ( )       C   .  

     . 

     ,      

    : 

 
 46:         

  

          : 

      (     ),     

   . ,     ,    

      MatchNode   C   .   
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        ,      

       . 

    ,    ,  « » MatchNodes (  

    )   . ’ ,    

,    ,           

. 

       IMUTUS     

      VEMUS. 

,        VEMUS.     

       .     

     ,      

  - .         

          .  

              

 . 

      .      

,    .       

         .  

        ,     

    . 

3.3.4    

         .   

             

   .       

     .          

   . . .   . 

 In    (  )  Ref    ( ).  

   (i,j)   ’   ,  i-   

      j-   . 

              

        . . (0,0). 

       ,        

  (   ) .  ,    (i,j)      

     : 

 In[i] = Ref[j],    «  »    (i,j),  

   (i+1,j+1)         

 . 
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 In[i]<>Ref[j]  In[i]  Ref[j]  !,    “  ” 

   (i,j),    (i+1,j+1). 

 In[i]<>Ref[j]  In[i]  In[i-1]  ,    “  ” 

   (i,j),     (i+1,j). 

,           ,    

   . 

           .  

     ,       . .0.1   

       . . 1.0   . 

              (0,0) 

            . 

             . 

,      ,     (minimum 

cost path).              

            

 (   - - ). 

            

    ,  ,   .  

  ,     « »         

  .    ,  ,      

             (  ) 

.             

      . 

     ,     « », 

              (  

                

). 

     (Performance Evaluation Module)   : (i)  

 MTX  ( -   - ,  (ii)     

   MATLAB.     MTX  (time-signature, 

key-signature, tempo, sequence/track-name, midi)    MTX  . 

3.3.5     

             VEMUS, 

           

. 

        : “Reference & Performance” («   

»)  “Matching” (« »). 

 “Reference & Performance”,       MTX (   

)      . 

                                                      

1    (i)   ( . . C4/C4), (ii)       ( . . C#4/C4),  (iii)  
    ( . . C4/C5). 

 



 

 

76 

 

 47:  “Reference & Performance” 

 

 48:  “Mathing” 

       “Reference”, “Performance”  “Audio”,  

      (.mtx  .wav ). 

 



 

 

77 

 

 49:    

         . 

 

 50:        

 ,    “score matcher project files” («   

 »).       “.smp”    

     MTX  ,         

   WAV   , . .: 

LT.mtx 

RF-LT-mm104-1-CH0.mtx 

RF-LT-mm104-1-CH0.wav 

,              “Project” 

   .smp . 

   MTX  WAV  (     project),     

“New Match”  matcher            

 



 

 

78 

,            

 . 

 

 51:      

           . 

      ,        

  ( )    .      

( )     ,           

.            ( )  

   .          

  .  ,        

    . 

         ,     

     ,       ,  

     ,  ,        

               

   . 

 

 52:   
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        .     

 12, 13  14    matcher      (  

 ).              

. 

       (  )       

,             ,     

             . 

    ,        

.  Ctrl         / 

        ,    

 . 

 

 53 

 

 54 

       .     

            . 

       (    18   

)    .       

      . 

     ,     

  ( )         

.   ,        ,   

. 

           .”. 

 

 55:      
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            ,   . 

           (     

  1  2)        5  . , 

        3-7       matcher    

.                 

   (      6  7). ,    

      (   7)    (   

   7  8). ,           

      ( ). 

3.3.6   MTX    

   “Save MTX”,    matcher  (  MTX ).   

     . 

    MTX    ‘flickan.mtx’      

: 

 r2p-flickan.mtx (   ) 

 p2r-flickan.mtx (   ) 

3.3.7    

             

 : 

ScoreMatcherUI.exe <reference MTX file> <performance MTX file> <ref-2-perf MTX file> <perf-2-

ref MTX file> 

              . 
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4 
     

 .          (pitch, 

mpo, loudness)      .        

CEEVALUATIONMODULE)          

  

  ( ,  ),  ,    

   

   , 

,      .      

  
 

             , 

       

te

     . 

 

4.1     VEMUS 
       VEMUS 

(PERFORMAN

             

,            

 . 

           

  .         

      . 

           

 .            

. ,          

   ,       .  

             

          . 

            .  

        (     ),   

,  

 ,   . . ..            

   ,          

(  ). 

           ,  

  .    ( )    

( . .      ),  ( )        

    ( . .     ).     

        . 

             

       .      

              

     .   
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     .   

, , )    

        . 

   ,        

     

 . 

  

 

2.   ( . . ,  ) 

. .  ) 

    . 

    /  

 

1. 

     

    « » 

   ,   

   ).    

     

   

     

 

,     

                

        . 

          , 

  VEMUS    .      

       

      (

  (  ).          

 ,    . 

            

  .        

     ,          

.   

    ,  

    : 

        : 

1.           

     

3.            

 (

4.          ( . .  

) 

            

  . 

      

       

     . 

     : 

         

2.     

(      

  ) 

3.      . 

      

    (  

      

     . 

    

1.       

  

2.       

3.     

 



 

 

83 

 

  . 

  . 

 

 

         

         

        . 

Performance
Evaluation

Module

Performance
Evaluation

Module

Performance
measurements
for evaluation

Performance
measurements
for evaluation

Score-to-perf
mapping

Score-to-perf
mapping

Perf-to-score
mapping

Perf-to-score

Performance
evaluation
feedback

mapping

Performance
evaluation
feedback

Score
Buffer

Score
Buffer

User
Management
and Profiling

User
Management
and Profiling

 

 56:  -      

 

. 

4.2        

  

 .     

     . 

 

              

    . 

           

,             

     

       

 
 34    : «    3 :   

           ;» 

(  1=  , 5=  ) 
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  (  >=4).          attacks,  

,  ,    ,         . 

 

  ,           

            

.        .      

         ,   ,   

attacks    . 

 

 
 4             

 

             

       .      

    .          

.              

   ,             

 (        ).     

            . 

     ,     

       . 

 

 5        
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4.3      

 

 57 :        . 

 

4.4    

  ,       ,      

     .         

            .      

         .      

         .   , 

,              

. 
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 VEMUS              

     . 

                

   « » . 

      ,          

 ,    .   ,      

     ,     ,  

    .           

    (partials),       .  

partials              

 . 

O           attack      

decay  .    transients      

    spectrum      partials,   

       . 

     : 

 Spectral centroid:     « »  .   

       . 

 Inharmonicity:       .     

  partials   . 

 Irregularity:       partials. 

 Odd and even:       . 

 Roughness:            

partials. 

 

 

4.5    

             

          . 

             

        .   

 ,   «  »     . 

1. « »  

 « » (squeaks)     ,     

            .   

                

 ,     (   ). 

2.   

   (unstable tones)         .   

               

 .              

    . 
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3.   

     (hollow/empty tones)     , , 

  .       ,    

      attacks.          

       . 

4.   

   (double tones)      ,       

  .            

     , . .       . 

 

4.6      

   
           

 .       ,   

        ,     

           

      .    ,   

mezzo forte (mf)           . 

 4           

      .      FLow, GMid, 

BMid, AUp. 

        b     

    4=440 Hz. 

 

 6       

  FLow (  58)  mf      6.9 kHz  (   40 

),    4.2 kHz. 

  GMid (  59)  mf      8.2 kHz (  20 ), 

   4.4 kHz. 

  AUp (  60)  mf      6.5 kHz (8 ).   mf 

     4  . 
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  BMid (  61)  mf       3.3 kHz  -  

  7.6 kHz. 

 

 58: FLow mf   59 : GMid mf  

 

 60 : AUp mf   61 :BMid mf  

 

4.6.1  

          ,  .  

         ,     

   .         
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     ,       

      . 

 

 63:    
 

 62 :     

  
 

  F
Low 

 squeak            

               

           ,  

   62  63. ,        

     partials,      , 

  .
 

 ,          ,  

       58. 

  64        FLow      

 .           

 .   f0, f2, f4   squeak        

 ,       .      

       1000-1200 Hz,     

          .    

     squeak  ,       

 . 

 



 

 

90 

 

 64:     FLow mf       

squeak        . 

  G
Mid

   (  65)        

.             

 1/5    f0   (987 Hz).        50ms  

      . 

 

 

 65 G
Mid
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  66        GMid      

          .     

     ,          . 

            .  

             1/5 

. 

 

 66 :      G
Mid

        

         

 

 

            

              

        . 

         ,    FLow    

    GMid. 

               

            

. ,     . ,   

     . 

       ,       '    

     ,       .  

,           ,    

     . 
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4.6.2   

         ,   . 

      3  :      

,                

.            

             

 ,           

  . 

 

 67:  F
Low

    

 

 68 :  F
Low

     

 

 

 69:  F
Low
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  67, 68  69     FLow   

 3    . 

    FLow         (  

67)         f4,      

   .            

. 

    FLow         (  

68)      .        1,4 

kHz,       5,5 kHz   . 

    FLow           

 (  69)       f2       

 .           

 3,2  5,4 kHz.    2,2-2,6 s      

,         . 

  70       FLow   3   

      FLow. 

 

 70:     F
Low

   3      

  F
Low

           1,1 kHz   

       3kHz    .   

  FLow      f0 f2 f4       

    f6  f8    10Db.       

  ,             

 ,   f2 f4 f6    10 dB.    FLow  

            3     
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      15, 20  30 dB   f0 f2 f4 .   

,   1kHz  . 

         AUp. 

 

 

 71:  
Up

    

 

 72:  
Up

     

 

 

 

 73 :  
Up

     

 

 

  71     Up       

     .     ,        

f0-f3       . 
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  72      Up       

          1sec    . 

        4  ,  5  ,   

 6      . 

  73     Up        

             

       74. 

 

 74:     
Up

   3      

  
Up

  74       Up   3    

     Up.        3 , 

     .         

   ,       f5  f6. 

  

            

      (    f4),      

  (10-15 dB)            

         70  74   

 .       (     

    ),        . , 

           . 
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