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ABSTRACT

In the article the focus is put on educational aspects of
the speech processing science. A set of tools that have
been developed with the aim at presenting, visualizing
and explaining basic topics of speech recognition is
described. The set consists of programs, like a signal
analysis unit, a dynamic time warping algorithm (DTW)
explorer and hidden Markov model (HMM) investiga-
tion tools, that are integrated into a single environment
and allow for easy and highly illustrative learning
through experiments with real speech data.

1.  INTRODUCTION

The recent progress in the speech and natural language
processing (SNLP) domain has been reflected not only
by a large interest of the commercial sphere but also by
a growing number of educational activities. Many uni-
versities open undergraduate and postgraduate courses
on SNLP. In Europe, a scheme of collaboration in edu-
cation has been created under the Socrates program [1].
Also an increasing number of textbooks on speech proc-
essing has appeared recently (e.g. [2], [3]) together with
latest versions of supporting software like, for example,
that of Entropic Research [4].

<HW� WKHUH VHHPV WR EH D ODFN RI WRROV WKDW FRXOG KHOS

VWXGHQWV DQG RWKHU LQWHUHVWHG SHRSOH LQ JHWWLQJ DQ DSSUR�

SULDWH VWDUWLQJ NQRZOHGJH DQG H[SHULHQFH LQ VSHHFK

WRSLFV� 6RPH RI WKH H[LVWLQJ VRIWZDUH DOORZ WR OHDUQ RQ

WKH H[SHULPHQWDO EDVH� KRZHYHU� LW LV RIWHQ MXVW D UXQ�

WHVW�VHH�UHVXOW DSSURDFK� :H EHOLHYH WKDW D JRRG HGXFD�

WLRQ SURJUDP VKRXOG RIIHU PRUH� ,W VKRXOG GHPRQVWUDWH

DQG H[SODLQ WKH PHWKRGV DQG WKHLU SULQFLSOHV UDWKHU WKDQ

RQO\ HPLWWLQJ QXPEHUV� VFRUHV� HWF�� ZKLFK LV DQ HVVHQWLDO

GHPDQG� SDUWLFXODUO\� LQ VXFK FRPSOH[ DUHDV OLNH� IRU

H[DPSOH� WKH KLGGHQ 0DUNRY PRGHOV �+00��

2XU LQLWLDO DWWHPSWV RQ WKH HGXFDWLRQDO VRIWZDUH ILHOG

GDWH WR ���� ZKHQ ZH SUHVHQWHG WKH ILUVW YHUVLRQ RI WKH

9LVXDO 0DUNRY SDFNDJH >�@� ,W KDV EHHQ RIIHUHG IRU IUHH

XVH DW XQLYHUVLWLHV DQG UHVHDUFK LQVWLWXWHV DQG IRXQG D

ZDUP UHVSRQVH LQ WKH VSHHFK FRPPXQLW\� /DWHU� VRPH

RWKHU WHDFKLQJ DQG YLVXDOL]DWLRQ WRROV IROORZHG >�@� 7KH

QH[W� TXLWH QDWXUDO� VWHS ZDV WR LQWHJUDWH DOO WKH WRROV LQWR

RQH HQYLURQPHQW WKDW ZRXOG DOORZ IRU HDV\ XVH� 0RUHR�

YHU� WKH HQYLURQPHQW VKRXOG SURYLGH D QHFHVVDU\ VXSSRUW

WR DOO NLQGV RI H[SHULPHQW ZRUN� VXFK DV GDWD UHFRUGLQJ�

VSHHFK GDWDEDVH PDLQWHQDQFH� FRPPXQLFDWLRQ EHWZHHQ WKH

LQGLYLGXDO SURJUDPV DQG GDWD WUDQVIHU�

$V D UHVXOW RI RXU HIIRUW� D ZRUNEHQFK�OLNH V\VWHP QDPHG

9,63(5 �9LVXDO 6SHHFK 3URFHVVLQJ� ZDV FUHDWHG LQ �����

,W LV D JUDSKLF �3& EDVHG� V\VWHP FRQVLVWLQJ� DW SUHVHQW� RI

ILYH DXWRQRPRXV XQLWV� WKH 6LJQDO 3URILOHU� WKH '7: ([�

SORUHU� WKH 9LVXDO 0DUNRY WUDLQLQJ DQG WHVWLQJ WRROV DQG WKH

9,63(5 2UJDQL]HU� 7KH ZKROH V\VWHP LV RULHQWHG RQ H[�

SODLQLQJ PDMRU DVSHFWV RI WKH LVRODWHG�ZRUG UHFRJQLWLRQ

WDVN� 6XFK D WDVN VHHPV WR EH DQ DSSURSULDWH RQH IRU LQWUR�

GXFWLRQ LQWR WKH VSHHFK SURFHVVLQJ DUHD�

2.  SPEECH DATA VISUALIZATION

There exist a lot of speech analysis tools that provide most
of the standard signal processing functions together with a
visual presentation of the input and output data. Among
them, the Waves+ package [4] is probably the best-known
one. However, not many of such tools have been designed
for the PC platform, which makes their broader use in
education rather expensive. Also none of the tools, at least
to the authors’ knowledge, allows direct communication
and data transfer to other tools that perform tasks associ-
ated with speech recognition.

When designing the Signal Profiler program (see Fig.1)
we aimed at creating an easy-to-use tool that would ac-
complish most of the signal processing tasks. It was to
provide a user by speech recording options with automatic
detection of spoken utterances, by signal visualization and
audition facilities, by computation and plotting of widely
used speech features and by displaying spectral character-
istics of the signal. Moreover, the program was to ease
recording of speech databases and provide a simple access
to other speech recognition tools.

The largest panel in the Signal Profiler is devoted to the
speech signal corresponding to a single word (or single
utterance). The displayed signal is partitioned to 3 zones; a
main zone containing the (automatically detected) speech
signal and two margin zones with pieces of the signal pre-
ceding and following the utterance. Any frame of the sig-
nal can be selected and displayed in detail in the frame
panel. Moving a mouse pointer along the signal waveform
results in a synchronized show of frames. Optionally, the
frame panel can present some other plots relative to the
displayed frame, e.g., the „hamminged“ signal or short
time spectrum plots.



A group of six feature panels serves for displaying pa-
rameters from a given feature set. In our case the set
consists of 20 components: 8 cepstral coefficients to-
gether with their deltas, energy and its 1st and 2nd de-
rivatives and a spectral variation function (SVF). The
latter parameter, defined in [7], was chosen because it
may help a user in identifying and realizing boundaries
between stationary speech segments. The last panel
displays a rough estimate of the signal spectrogram with
2 options available; either a color 2D plot or a 3D view.

The Signal Profiler operates in 2 basic modes: a speech
recording mode and data observation mode. In both the
modes the program can communicate with the other
speech processing tools described in the next sections.

3.  VISUALIZATION OF RECOGNITION
PROCEDURES

:KDW PDNHV WKH 9,63(5 V\VWHP XQLTXH LV WKDW LW IR�

FXVHV QRW RQO\ RQ FODVVLF YLVXDOL]DWLRQ RI GDWD EXW DOVR

RQ YLVXDO GHPRQVWUDWLRQ RI SURFHGXUHV DQG DOJRULWKPV

DSSOLHG LQ VSHHFK UHFRJQLWLRQ� 7KH WZR WHFKQLTXHV FKR�

VHQ IRU WKH GHPRQVWUDWLRQ DUH WKH '\QDPLF 7LPH :DUS�

LQJ �'7:� DOJRULWKP DQG WKH +LGGHQ 0DUNRY 0RGHOV LQ

WKHLU FRQWLQXRXV YHUVLRQ �&'+00��

3.1  Dynamic Time Warping

7KH '7: WHFKQLTXH ZDV WKH ILUVW RI WKH PHWKRGV WKDW

PDGH VSHHFK UHFRJQLWLRQ IHDVLEOH XQGHU VRPH OLPLWHG

FRQGLWLRQV� 7KRXJK LW KDV EHHQ ODWHU RYHUFRPH E\ WKH

LQWURGXFWLRQ RI +00V� LWV NQRZOHGJH LV VWLOO HVVHQWLDO

IRU XQGHUVWDQGLQJ WKH SULQFLSOHV RI PRGHUQ VSHHFK UHF�

RJQLWLRQ V\VWHPV� 7KDW LV ZK\ D XQLW QDPHG '7:

([SORUHU KDV EHHQ DGGHG WR WKH 9,63(5 SDFNDJH�

7KH '7: ([SORUHU¶V VFUHHQ LV

VKRZQ LQ )LJ��� :H PD\ QRWLFH

WZR UHJLRQV LQ WKH VFUHHQ OD\�

RXW� ,Q WKH OHIW RQH� WKHUH LV D

SDLU RI VSHHFK VLJQDOV WR EH

PDWFKHG� 7KH XSSHU LV D WHVWHG

ZRUG� WKH ORZHU LV D UHIHUHQFH�

%RWK RI WKHP DUH UHSUHVHQWHG

E\ D VHOHFWHG IHDWXUH �H�J� HQ�

HUJ\�� 7KH SORWV� WKRXJK VLPSOL�

ILHG E\ D RQH�GLPHQVLRQDO SUR�

MHFWLRQ RI WKH RULJLQDO IHDWXUH

VSDFH� JLYH WKH XVHU DW OHDVW DQ

DSSUR[LPDWH YLHZ RQ WKH VLJQDO

FRQWRXUV DQG GXUDWLRQ� 7KH

ODWWHU LV H[SOLFLWO\ VKRZQ DV WKH

QXPEHU RI ��� PV ORQJ� IUDPHV�

)RU HDFK RI WKH WZR VLJQDOV

WKHUH DUH WZR VLPLODU ZLQGRZV

DYDLODEOH� 7KH XSSHU DOZD\V

VKRZV WKH RULJLQDO� WKH ORZHU

GLVSOD\V WKH VLJQDO DIWHU WKH

ZDUSLQJ SURFHGXUH� 7KH WLPH�

DOLJQHG VLJQDOV DV ZHOO DV WKH ORFDO� DFFXPXODWHG DQG JOREDO

GLVWDQFHV DUH GLVSOD\HG LQ WKH ORZHVW RI WKH ZLQGRZV�

7KH ODUJH SDQHO LQ WKH ULJKW KDOI RI WKH SURJUDP VFUHHQ

JLYHV D GHWDLOHG FODULILFDWLRQ RI WKH WLPH�DOLJQPHQW SURE�

OHP� 7KLV LV DFKLHYHG E\ YLVXDOL]LQJ WKH VSDFH ZKHUH WKH

WHVW�UHIHUHQFH PDSSLQJ LV VHDUFKHG� +HUH� WKH ([SORUHU

RIIHUV WKUHH YLVXDOL]DWLRQ PRGHV� ,Q WKH VLPSOHVW RQH� WKH

ZDUSLQJ SDWK LV VKRZQ � LQ WKH FODVVLF ZD\ � DV D SRO\OLQH LQ

WKH [\ SODLQ� 7KH VHFRQG PRGH DGGV FRORUV WR WKH SODLQ DQG

SUHVHQWV WKH '3 SUREOHP DV D VHDUFK LQ D FDUWRJUDSKLF PDS�

<HW� WKH PRVW LOOXVWUDWLYH H[SODQDWLRQ RI WKH '7: DOLJQ�

PHQW LV SURYLGHG E\ D �' SORW �VKRZQ LQ )LJ��� ZKHUH WKH

]�D[LV HOHYDWLRQ FRUUHVSRQGV WR WKH ORFDO GLVWDQFHV�

,Q RUGHU WR LQFUHDVH WKH YLVXDOL]DWLRQ HIIHFW� DOO WKH SORWV

DVVRFLDWHG WR D '7: PDWFK DUH V\QFKURQRXVO\ DQLPDWHG�

$V WKH ZDUSLQJ SDWK LV GUDZQ �H�J� LQ WKH PRXQWDLQRXV

ODQGVFDSH�� WKH ZDUSHG DQG DOLJQHG VLJQDOV LQ WKH OHIW SDUW

DUH SORWWHG VLPXOWDQHRXVO\� 7KH DQLPDWLRQ FDQ EH FRQ�

WUROOHG E\ D VHW RI FRPPDQG EXWWRQV�

$ ZLGH YDULHW\ RI V\VWHP RSWLRQV DOORZV IRU H[WHQVLYH

LQYHVWLJDWLRQV� 7KH XVHU FDQ FKRRVH IURP YDULRXV '7:

DOJRULWKPV DV WKH\ ZHUH LQWURGXFHG LQ FODVVLF OLWHUDWXUH

�H�J� >�@�>�@�� VHW XS GLIIHUHQW ORFDO DQG JOREDO FRQVWUDLQWV�

VHOHFW IHDWXUHV DQG GLVWDQFH PHDVXUHV� HWF� ,W LV DOVR SRVVL�

EOH WR PDNH DXWRPDWLF UHSRUWLQJ IURP WKH H[SHULPHQWV DQG

SULQW RXW WKH UHVXOWV WRJHWKHU ZLWK JUDSKLF LOOXVWUDWLRQV�

3.2  Continuous HMMs

7KH WHFKQLTXH RI FRQWLQXRXV +00V KDV EHHQ ZLGHO\ XVHG

LQ VSHHFK UHFRJQLWLRQ VLQFH ODWH ����V� 7KRXJK VRPH JRRG

WH[WERRNV RQ +00V KDYH EHHQ SXEOLVKHG �H�J� >��@�� IRU

PDQ\ VWXGHQWV LW LV GLIILFXOW WR DFKLHYH IXOO XQGHUVWDQGLQJ

RI WKH WHFKQLTXH WKDW XWLOL]HV D KLJK OHYHO RI DEVWUDFWLRQ�

Fig.1. The Signal Profiler unit operating in the data observation mode



2XU 9LVXDO 0DUNRY WRROV KDYH

EHHQ GHVLJQHG IRU D VSHFLDO FDVH

RI PRGHOOLQJ ZKROH ZRUGV E\

OHIW�WR�ULJKW +00V� 7KLV W\SH

RI PRGHOV ILQGV D ZLGH XVH LQ

PDQ\ SUDFWLFDO LVRODWHG�ZRUG

V\VWHPV RSHUDWLQJ ZLWK VPDOO DQG

PHGLXP VL]H YRFDEXODULHV�

7KH JUDSKLF GHVLJQ RI WKH WRROV

�)LJ��� DOORZV WR REVHUYH HLWKHU

DOO RU VHYHUDO VHOHFWHG VWDWHV RI D

0DUNRY PRGHO� (DFK VWDWH KDV LWV

RZQ ZLQGRZ ZKHUH WKH RXWSXW

SGI LV GLVSOD\HG DV D �' IXQFWLRQ

RI WZR RSWLRQDOO\ VHOHFWHG IHD�

WXUHV� 7KH SGI LV VXSSRVHG WR

KDYH D IRUP RI D PL[WXUH RI RQH

RU PRUH JDXVVLDQ IXQFWLRQV� ,Q

WKH XSSHU ULJKW FRUQHU RI HDFK RI

WKH ZLQGRZV� WKH SUREDELOLW\ RI

VWD\LQJ LQ WKH VWDWH LV SULQWHG�

7KH ODVW ZLQGRZ �LQIR ZLQGRZ�

LV XVHG WR VKRZ VRPH UHOHYDQW

VWDWLVWLFV FRQFHUQLQJ HLWKHU WKH

WUDLQLQJ RU PDWFKLQJ SURFHGXUH �H�J� WKH QXPEHU RI LW�

HUDWLRQV� WKH FXUUHQW OLNHOLKRRG VFRUH� HWF��

3.2.1  CDHMM training

The training is based on the standard CDHMM scheme:
first a k-means initialization and then the Baum-Welch
reestimation. The process of training is animated and
displayed in iteration steps so that the evolution of the
model states and their parameters can be observed. (The
visual demonstration is interesting, particularly, in case
of a multi-mixture pdf.) The info window gives a global
overview of the procedure by displaying the current
process status (initialization, reestimation, termination),
the iteration counter and the total likelihood score.

The user can choose from a wide range of options; he or
she can set up the model parameters (numbers of states,
mixtures and features) as well as the system parameters
(the features to be displayed, 3D plot settings, etc.)

3.2.2 CDHMM matching

7KH PDWFKLQJ EHWZHHQ D ZRUG DQG D PRGHO LV SUHVHQWHG

LQ WKH VDPH JUDSKLF OD\RXW� 7KH SURFHGXUH XVHG LV WKH

9LWHUEL DOJRULWKP� ,W LV GHPRQVWUDWHG E\ PHDQV RI D

JUHHQ EDOO WUDYHOLQJ WKURXJK WKH YLVXDOL]HG PRGHO VWDWHV�

(DFK RI LWV WUDYHO VWRSV FRUUHVSRQGV WR RQH VSHHFK

IUDPH� 7KH DFWXDO SRVLWLRQ RI WKH EDOO LV GHWHUPLQHG E\

WKH FXUUHQWO\ SURFHVVHG IUDPH YHFWRU DQG E\ WKH 9LWHUEL

GHFRGHU WKDW KDG HVWLPDWHG WKH PRVW OLNHO\ VWDWH VH�

TXHQFH� 7KH HYROXWLRQ RI WKH ORJ OLNHOLKRRG VFRUH FDQ EH

REVHUYHG LQ WKH LQIR ZLQGRZ DQG FRPSDUHG ZLWK WKH

VFRUH DFKLHYHG IRU WKH EHVW PRGHO� 7KLV JLYHV WKH VWXGHQW

D QLFH RSSRUWXQLW\ WR VHH KRZ PXFK WKH PRGHO ILWV WKH

XWWHUDQFH� ERWK RQ WKH ORFDO DQG JOREDO OHYHO�

$V LQ WKH SUHYLRXV FDVH� WKH XVHU KDYH D YDULHW\ RI FKRLFHV

DQG RSWLRQV� WKH VHOHFWLRQ RI WKH ZRUG DQG WKH PRGHO� WKH

WZR GLVSOD\HG IHDWXUHV� WKH SORW SDUDPHWHUV� HWF� $ VHW RI

EXWWRQV DOORZV KLP RU KHU WR FRQWURO WKH DQLPDWLRQ IORZ�

4.  INTEGRATED EXPERIMENTAL
ENVIRONMENT

7KH 9,63(5 2UJDQL]HU LV UHVSRQVLEOH IRU SUHSDULQJ DQG

PDQDJLQJ WKH H[SHULPHQWV� ,WV PDLQ WDVNV LQFOXGH WKH

PDLQWHQDQFH RI WKH VSHHFK GDWDEDVH DQG WKH GLVN VSDFH�

FUHDWLRQ RI WKH YRFDEXODULHV� GHILQLQJ WKH FRQGLWLRQV IRU WKH

H[SHULPHQWV DV ZHOO DV SUHSDULQJ WUDLQLQJ� UHIHUHQFH DQG

WHVW GDWD� ,W DOVR VWDUWV DQG FRQWUROV DOO WKH SURJUDPV QHFHV�

VDU\ IRU D VHVVLRQ DQG HQVXUHV WKHLU FRPPXQLFDWLRQ�

7R VLPSOLI\ WKH RUJDQL]DWLRQ DQG ODXQFKLQJ RI WKH H[SHUL�

PHQWV� WKH 9,63(5 HQYLURQPHQW RIIHUV VHYHUDO VWDQGDUG

RSHUDWLRQ PRGHV�

�� 'DWDEDVH UHFRUGLQJ

�� 6LJQDO REVHUYDWLRQ

�� '7: PDWFKLQJ

�� +00 WUDLQLQJ

�� +00 PDWFKLQJ

�� 6LJQDO LQYHVWLJDWLRQ DQG UHFRJQLWLRQ

�� 5HDO�WLPH VSHHFK UHFRJQLWLRQ

:KLOH WKH ILUVW � RSWLRQ DUH VR FDOOHG VLQJOH PRGHV �RQO\

RQH IXQFWLRQDO XQLW RSHUDWHV DW D WLPH�� LQ WKH ODVW � PRGHV

DOO WKH SURJUDP XQLWV DUH HPSOR\HG VLPXOWDQHRXVO\� )RU

H[DPSOH� LQ PRGH �� DQ XWWHUHG ZRUG LV DXWRPDWLFDOO\ GH�

WHFWHG� GLVSOD\HG E\ WKH 6LJQDO 3URILOHU� LPPHGLDWHO\ UHF�

RJQL]HG �XVLQJ HLWKHU RI WKH UHFRJQLWLRQ WHFKQLTXHV� DQG

UHDG\ IRU GHPRQVWUDWLQJ WKH YLVXDO PDWFK�

)LJ��� 7KH '7: ([SORUHU SHUIRUPLQJ D YLVXDO PDWFK EHWZHHQ WZR ZRUGV



The main advantage of this arrangement is that the stu-
dent does not have to care about any extra and auxiliary
work. Instead, he or she can focus just on the idea and
the experiment. A sample session including a definition
of a new vocabulary, recording reference data and test-
ing them in real-time DTW recognition may take just a
couple of minutes.

5.  CONSLUSIONS

7KH V\VWHP DQG WKH WRROV GHVFULEHG LQ WKH SDSHU KDYH

EHHQ GHYHORSHG ZLWK WKH DLP WR PDNH WHDFKLQJ DQG

OHDUQLQJ WRSLFV RI WKH VSHHFK SURFHVVLQJ VFLHQFH PRUH

DWWUDFWLYH DQG EHWWHU XQGHUVWDQGDEOH IRU VWXGHQWV� 7KH

YLVXDO WRROV PLJKW EH DSSUHFLDWHG DOVR E\ RWKHU LQWHU�

HVWHG SHRSOH ZKR ZDQW WR OHDUQ PRUH DERXW VSHHFK DQG

WKH PHWKRGV RI LWV UHFRJQLWLRQ�
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