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Uvod
II|III|II

« Sveobuhvatni problem nazivamo automatsko prevodenje govora, a
i osnovni potproblemi su:

...............

* transkripcija govora
* prepoznavanje kljuéne rijedi
T * identifikacija govornika

---------------

i « Za modeliranje imamo unikatne izazove u odnosu na NLP probleme
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Dvodimenzionalne reprezentacije
Zvucnog signala

« Kako najbolje reprezentirati zvucni signal otvoreno je pitanje

Konferencija Dani e-infrastrukture Srce DEI 2025



Mel Spektrogram i MFCC

e Najpoznatije reprezentacije zvuka
e R e Dobar balans frekvencijske i vremenske rezolucije
Rl s e Brza ekstrakcija; fiksne duljine prozora!
b Sn il e MFCC reprezentacija se dobije iz Mel Spektrograma apliciranjem DCT
s transformacije
8 Mel spectrogram (d8) o=
B4 2 he fodin 7 1008
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Modificirani Group Delay Spektrogram

e Dobije se iz Group Delay-a spektralnim omekSavanjem i uvodenjem dva
parametra za kontroliranje dinamickog dosega

T e Zarazliku od Mel Spektrograma ukljuCuje i faznu informaciju

0.0
............... Time (s)

...............
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Gammatone Spektrogram

e Temelji se na gammatone filterima koji oponasaju rad puznice (cochlea) u
ljudskom uhu

N o e Svaki filter ima impulsni odziv sliCan gama funkciji pomnozen s tonom
e (sinusoidom)
Ahohs e Dobra otpornost na Sum
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Constant Q Transformirani Spektrogram

e Duljina prozora analize mijenja se s frekvencijom: duZzi prozori za nize
frekvencije, kraci za viSe

e R e \/rsta vremensko-frekvencijske analize gdje je omjer frekvencije i frekvencijske
ekl i rezolucije (Q) konstantan kroz cijeli spektar

asEn L EnIL. e Brza ekstrakcija, no neke optimizacije kao s DFT nisu moguce radi prozora

01 s b e razli¢ite veligine

g
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Transformacija Paketom Valica

e Prosirenje diskretne transformacije valicima (DWT) koje omogucuije finiju
analizu signala na svim frekvencijskim razinama
_______________ e WPT dijeli i niskofrekventne i visokofrekventne dijelove signala
ool i o e Stvara potpuno binarno stablo gdje svaki ¢vor predstavlja razliCiti frekvencijski

...............

...............

SHE pojas signala

...............
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PG R e Level 2
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............... Level 4
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Metode kombiniranja razliCitih
reprezentacija zvucnog signala

( detection ) detection detection
result result result

detector head

detector neck

detector head detector head

detector neck

(a) early fusion (b) middle fusion (c) late fusion

[2] Fang et al.: Cross-modality attentive feature fusion for object detection
in multispectral remote sensing imagery. Pattern Recognit. 130: 108786
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e Optimiziramo:
Sw + Dy + I,

WER (Word error rate) ——— WER = v
CER (Character errorrate) . ~gg — Se+De+ Lo
P01 0T 100 Biag e o Nc
U problemu prevodenja govora
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Primjer: Rana fuzija

Lasr

Lasr
{ E2E ASR

Fbank

L Enhancement J

R

(b)

Lrusion  Lasr Lenn
F 3 ry

AH
X

I Enhancement l—

R

e Rana fuzija [3]

e Troslojni BLSTM kao modul za

poboljSanje govora [4]

e Transformer enkoder-dekoder kao

bazni model [5]

[3] Shi et al.: Spectrograms Fusion-based End-to-end Robust Automatic
Speech Recognition. APSIPAASC 2021: 438-442

[4] Schuster et al.: Bidirectional recurrent neural networks. IEEE Trans.
Signal Process. 45(11): 2673-2681

[5] Vaswani et al.: Attention Is All You Need. CoRR abs/1706.03762
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[:.\laskin_q = 7

X7

X| - |X|IIz

e T - time
e F - frequency

e M - estimated mask from speech enhancement

e |Y'| - noisy input magnitude spectrogram

= I)Zl - mapping based speech magnitude spectrogram
° !_\l - masking based speech magnitude spectrogram
e | X| - target clean speech magnitude spectrogram

e S* - ground truth of the whole sequence of output labels

M DM - minimal distance mask
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Primjer: Srednja fuzija

th 1xd
fi Decoder Block )
+
Bx1xd

' Faliy-éo:n-le-ct:?d- -l . ..

i e Srednja fuzija [6]

'" Fully Connected !

| tReLU

Bx1xd e Predlozili zajednicCki trening viSe tipova

et bl | Layer Norm | Y : ‘. :
Ll ppidaic § znacajki uz mferencuu zasebnih
iRy [ Middle Fusion |
SRS B R h " hiheee
hed e i Bx1xd Bx1xd
sesiiiiaiaeeens fom |1 MultiHead i | ¥ MultiHead 1|  from
"""""""" magnitude |1 _ Attention | i _ Attention | phase
"""""""" o LT T ~EA=aAnsf middle ma hase
Seiraipaninian encoder ! ?AJQ Q@ tK fv] encoder h a'h,f & 4+ (1 — a)h?
el e BxT/4axd . BxT/Axd
s T B rae | Layer Norm |
st o Bxixd
bt Bl  Masked Multi- !
pltminany . Head Attention 1
i 1Q f]\ }
s e ey | Layer Norm I ) ) ]
SN S e [6] Lohrenz et al.: Multi-Encoder Learning and Stream Fusion for
el Sl e S L J Transformer-Based End-to-End Automatic Speech Recognition. CoRR
e el e B abs/2104.00120
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Inference complexity Without language model With language model
Arsiosih # of l’(‘li’ll.i\v'(! ' dev93 ' eval92 ' dev93 ) eval92
Shae et BEEEE parameters runtime WER CER WER CER WER CER WER CER
obs bl gl Baseline-mag 16.8M 1.0 1462 528 11.66 4.03 | 6.51 3.64 443 2.37
tgaderas sentan Baseline-phase 16.8M 1.0 15.75 5.79 1290 4.33 732 423 548 3.17
2 % I s Fusion-Mid-WS 28.8M 1.37 | 16.82 5.75 13.43 4.11 | 6.40 355 4.38 2.46
Tl S sttt Fusion-t-Mid-W$S 27.2M 1.33 15.80 558 1232 4.07 | 6.23 357 4.09 210
SEEESEERREEREY MEL-t-mag 16.8M 1.0 15.22 5.36 11.73 3.95 | 6.29 3.43 431 2.50
e MEL-t-phase 16.8M 1.0 16.01 585 12.09 4.25 | 7.00 4.04 468 2.74
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[6] Lohrenz et al.: Multi-Encoder Learning and Stream Fusion for
Transformer-Based End-to-End Automatic Speech Recognition. CoRR

abs/2104.00120

Konferencija Dani e-infrastrukture Srce DEI 2025




Primjer: Kasna fuzija

W e Kasna fuzija [7]

............... + . e |Integrirali veliki jeziCni model u procesu
R [ Encoder ] N-best List dekodiranja (beam search) - (eng. Uncertainty
il by Aware Dynamic Fusion)
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S Xgee M
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............ [7] Chen et al.: It's Never Too Late: Fusing Acoustic

---------------

Information into Large Language Models for Automatic

Speech Recognition. ICLR 2024
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Predlozeni pristup: Kasna fuzija

e Metoda ne zahtjeva dotreniravanje za
sinkronizaciju izlaza modela

l

_______________ SPEECH REPRESENTATIONS e Kombiniramo predikcije hibridnog
SRR | modela pozornosti i CTC na razini
o e tokena [8]

e e Rad prihvacen na PAKDD 2025. -
. 2 specijalnu sesiju

b g i i

e

S —— = Score = A1og p(fin|g1in—1, h) + (1 — A) log P (§in|1:n—1, h)
oo i SCORES |

riiiiiiiiiion ey e 2

i l Combined score = Z Zu-,: jScore;;

b AR i=1 j=1

— [8] Niko et al.: Streaming End-to-End Speech Recognition

- with Joint CTC-Attention Based Models. ASRU 2019:

............... 936-943
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Predlozeni pristup: Srednja fuzija

CTC scorer ‘

!

X

Block 2

GAMMA
output
encoder

Block 1 (MEL
encoder
output)

CQT output
encoder

Koristimo “gotove” enkodere

lterativno uvodimo reprezentacije kroz
fuzijski modul

Ne mijenjamo tezine enkodera tokom
treniranja

Postizemo bolje rezultate od standardne
konkatenacije
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Detalji eksperimenata

« E-branchformer [9] kao bazni model
* Modeli trenirani izmedu 30 i 80 epoha po otprilike tjedan dana na 4
............... A100 gpu

---------------
---------------

...............

i « Spektralna augmentacija [10]

---------------

...............

ST * Optimalnu kombinaciju modela odabrali na temelju ablacijske studije

pohlepnim pristupom

............... [9] Kim et al.: Branchformer with Enhanced merging for speech recognition. CoRR abs/2210.00077

--------------- [10] Tsunoo et al.: Data Augmentation Methods for End-to-end Speech Recognition on Distant-Talk Scenarios. CoRR

sesrssiaiiianes abs/2106.03419 (2021)
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——{ Merge & Project
[ Dropout ] [ Dropout ]

1 If i
Gnnnnnn [Channe'Prwechon] | |
............... | |
Sriekcka dor T | Depth-Wise | |
i e Convolutional : Convolution !
SRR e Multi-Headed Spatial Ga’ung Unit : !
S Sel-Attention : |
ST [eewAct-vauonJ | |
et s 1ag sk \'\ J
e [Chame,pmjecﬁon] N B
............... X
oo [ teyerNom | e
[11] Peng et al.: Branchformer: Parallel MLP-Attention Architectures to Capture Local and Global Context for Speech
B R R R Recognition and Understanding. CoRR abs/2207.02971
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« Skupovi podataka:

...............

---------------

T Skup podataka  Velic¢ina Jezik Broj govornika Brzina uzorkovanja
obs bl gl LibriSpeech 1,000 sati Engleski ~2.,500 16 kHz
Lo GigaSpeech 10,000 sati Engleski ~40.000 16 kHz
1 PR R AISHELL-1 170 sati ~ Mandarinski 400 16 kHz
0 g v o TED-LIUM v2 207 sati Engleski ~1.200 16 kHz
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loss_ctc vs epoch loss_att vs epoch

250 - —— train — train
- valid —— valid
200 4 - - -
200 1
150 4
o 150 4 »
g g
w
é 8 100
100 4
50 4 1
1 L_A
............... 0 B e T TP CTUTVTIPR RPPPRTPR TOPIPE NPPPPTPE PPPPO oA Y Ty .
o 10 20 30 40 S0 6 70 80 0 1 20 30 4 50 60 70 80
............... epoch epoch
Y wer vs epoch
e e e 1.0 - . .
i e Nestabilan trening
HAE s Vet SR e 0.9
RN mOdela [12]
R
fed i lesGianie 2 C 07-
St o e . 2
b O e 0.6
R 0317 [12] Peng et al.: A Comparative Study on
bl P e E-Branchformer vs Conformer in Speech
vl £ ol 04T Recognition, Translation, and Understanding
b el ! ! | ! I , ; , , Tasks. CoRR abs/2305.11073
s e ey 0 10 20 30 40 50 60 70 80
il P epoch
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Rezultatl

e Ansambl pokazuje relativho poboljSanje od oko 8-14% u
usporedbi s najboljim pojedinacnim modelima
ST e /nacajnija poboljsanja vidimo u Sumovitim uvjetima

...............

---------------

...............

ST e Dodavanje jeziCnog modela u ansambil, slicho kao u [6]

g i dodatno snizava gresku

---------------
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Speech representation
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Independent classifiers

35

|
|
. |
Raznolikost ansambla 30 | 129
|
. : 26
3 25| |
L .. . . . 2 l
e Koristimo Tezinski histogram za odredivanje 3 o0l 19
............... raznolikosti g |
Drmae e cans o o |
N g 157 | | BE
e Pokazujemo da predlozeni ansambl E :
ostvaruje raznolikost dovoljnu za postizanje = S s I
b e rezultata industrijskih sistema treniranih na :
iR mnogo vie podataka o 1 3 |
o |
T 0
o 01234567
ST Number L correct
[13] Ludmila I. Kuncheva: Combining Pattern Classifiers: Methods
and Algorithms. Wiley-Interscience, 2004.
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Zakljucak i nastavak

« Meta-klasifikatori logiCan iduci korak

« Zahvala SRCE organizaciji na raCunalnim resursima
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Hvala na pazniji!
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