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Visual analysis of attention-based end-to-end speech recognition
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Abstract

An end-to-end speech recognition model consisting of a single integrated neural network model was recently proposed.
The end-to-end model does not need several training steps, and its structure is easy to understand. However, it is difficult
to understand how the model recognizes speech internally. In this paper, we visualized and analyzed the attention-based
end-to-end model to elucidate its internal mechanisms. We compared the acoustic model of the BLSTM-HMM hybrid
model with the encoder of the end-to-end model, and visualized them using t-SNE to examine the difference between
neural network layers. As a result, we were able to delineate the difference between the acoustic model and the end-to-end
model encoder. Additionally, we analyzed the decoder of the end-to-end model from a language model perspective.
Finally, we found that improving end-to-end model decoder is necessary to yield higher performance.
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c: output characters (a)-.

x: input features (%) (x) (=) (%) () (o) () (%)

Encoder Network
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e =wltanh(Wq]_, + Vi, + Uf,, + b)

fi=Fx*a_4

O3 1. Seq2seq T 543914 o] &
Figure 1. Structure of seq2seq end-to-end speech recognition model
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Table 1. Comparison of end-to-end model performance

End-to-End model A | End-to-End model B
Encoder layer 8 4
Decoder layer 2 6
WER (SER), % 10.3(61.1) 16.1(76.0)

Ao 113 2r) EUF 29 A= BLSTM Q1 FE 829
LSTM t] Y 25 AME-&h= vhd k7t 2.9 B+ BLSTM 9
T 4Z-°l LSTM Y ZH 655 AHE- St xfe)7) vk 174
% A3 9] Holo] 7t 73kl v 3y glojo] 7 Skt

St REl Bl )14 Adso] AskE lea o 5 Sl

2

K

o,

-

)

3.2. BLSTM-HMM &3 223} Sk e Q15T 9] A]
Ztsl A

BLSTM-HMM & Eelop S7k 2l Q15v] o] AJ21eks
Z1348t7] 9130 test-clean HoJE|lA 574 ghxte] S BFE
835t -SNEE THA7]AL 11 F 574 4R A1Zhslshe
= vk 29 305 E 27 e7bX] Q] 914 -2 Y 3k
“oh that made him so angry”ol] Hl3to] H-Z S Z t-SNEE FHA|
7)31 A3 Aajolr),
9 37 27 45 B v)see S 7k JEe] B Q)

Al ]

u)

£ R FAT 5 9t ol @) Aake A7te] et g et e,
H| S8k AAke] A =2 v]Se ek Aol f1AI3E ZH =S ojv]
gt} olu) wolA FeAE S o] R NEL HF dolojoln
Bl Q5] e F8E& 7S gngith
1% 33 19 5ol A 22 SR 9 A TR 2ol v
m, 15 49} 19 6 oA sttt o] SEAEE o] F =
ZYAEE T4 thloA AR 9] S4 S &
G le % 5% B AmH sk e S T Bl 5
vhe] ofu 2 Q121 5HE o 5 e,
a0 . 25
- g : -
&0 - -
. 20
w0 e . 2
20 =
o - ’ ’
- -
-20 - 10
- -
-40 hd . °
-60 - .‘ epe® b 5
g .
-80 4 .

—-80 —-60 -—-40 =20 o 20 40 &0 80

1% 3. BLSTM-HMM layer3 Al 7H=A] 2hd
Figure 3. BLSTM-HMM layer3 order label

80

60 1

20 4

P 25
20
-
15
”
* - - ﬁ
o - 10
- o 5
-
o
-60 —40 -20 o 20 40 60 80

O 4. FH0 2 A 1FH layer 8 AlZFeA 2
Figure 4. Encoder layer8 of E2E model A, order label

75

80

60

40 4

20 4

o

—z0

—a0 4

. AE1
. EY1

L

. o
ow1

D

oH

G

- - "
« = NG

R

s

" . T

- SiL

—75 -s0 -25 © 25 s0 7s

1% 5. BLSTM-HMM layer3 22~ 28
Figure 5. BLSTM-HMM layer3 phone label

52399993223

¢

.
nH0n D
z

—60 -—40 -20 o 20 |0 60 80

I 6. TH 2D A 130 layer 8 &4 Hd
Figure 6. Encoder layer8 of E2E model A, phone label

sto]B 2| = REly} Fekzh BElo] 2polH e 11y 59k T1H 6
ol & Stk T2 5ol A sl B = Relo] e Sl

& 71re] elglo] §A| ol F o] 9low vhr]

RHE A EolA Q&S BT 5 Ik ol9) the

Seongmin Lim et al. / Phonetics and Speech Sciences Vol.11 No.l1 (2019) 41-49 45



AT F2E AT, A% Ty JEE §A E8E 7 78 sto] B = o] BLSTM #lolo] 1, 2,3352] &8
ol AN Bl BT AW L TEE A & S ehAE e Zlolth 1Y 82 FUF 2d A
= Wao] e JiAel mgol | s Zlojtk ek 15r]  BLSTM #lo]o] 1, 3,832 &35 54 eh¥® vrebd Zlo|t},
o w KUl SAS g8 oR 48t e el = stolue|E 53 B9 15 glo]o] o] 1o)X AOL AW, T,
wol & 7 & Aotk SILT 9] 545 B Hlsesh 547]8 o= A% 54 Sl A
= 1% 4 Qltk shAINE 2, 35 0 7 SEprbiA o] gt 54
3.3. BLSTM-HMM & & R 93} Szt mdl Qlsicie] o 7]2] gl Bl dadha o 5= Slvh o]2f g e|o]o ™ Zfo]
o]o g F-a = T Aol B FSle UrEMD} 159 54 2hd
AR BN 54 Aol AHee A HF glojole] & RBVIRE A, 5 2SS $ Y AT Al
Zeolw R A0 oA SHANS FaGteA ofd) T RO SILAN BH QAL AT 31, ol 8] Wl
3] SlallAl stolnel= wdlah Bk wale) BLSTM A o S871E] BAE BES 38 dojelol N vehd:. ol F
aho| 4] #lojo] Wz oW B A Qlalo] ool =] Ak &l FEIE LEE QlAH7E AT Pojo e F3ET wlole]
s 5o} e} o] Mo A= 2= A o] Holo] S wjmate] 7+ /M A BRE RAYS dvks 2lE #QlE 5 v oA
glojofoll A ol B E $goli=x] ol gtrh. i85 welefe] e is B 4 Wkl AARe] $AE
. . 1o o)} 2= o)rL = F 2) o
1% 77} 718 8 “at last the little mice stayed away alsoand the ~ = = T UTH & T BE2] 1T 7} B Hlo]ojelA
. . . . = =0 ° R 3]
tree sighed after all it was very pleasant when the sleek little mice sat FR Ol = wra @9 2 RS, o] F- 3274 &
. - 3 ro] A= L AS syol 7] A
round me and listened to what T told them”0]2H= S4S .SNES  U¥F A} o] HF #olojo = A5 Zedate] et
Abgate] 48 Aujo|t). o] SNE= D S o) gxpyp  AE Este] =AY AF S HY w2 @l 54
NI S WE S A0 ALgte] ZAskglT) QA5 St 2o = ol s e 4= 2lrt.
AEL
s AHO
AHL
- 80 L . ml:l
759 . . - . &1
‘N < 60 e . . . . Y B
L 3 "_ ". - . - ERD
1 e < ¥ W@ PRI - %0 - A :1!
“ 1 e oo . . o
251 “ g K 20 » . ‘. :. 20 ¢ Q.” - xo
- o - .:- . -'.\". a.-‘ - * “' :". v.: - - - ;’ oW1
04 L ' 0 M T yeor - . o . N { D
* . ;- ) v’-. ~* ¢ - R ‘ . . N .o s FD”
=25 e ‘e - B i ] P S " e - I = "
.. - d . " . » : L
" . . . P . -40 s o M
-50 4 * . " - " —40 1 L] . - N
.. . . ' a0 a5 .
-75 4 - ‘l ': ; . t o‘ : IS
T ¥ " v v -80 W
-80 -60 -40 -20 0 20 40 60 B0 3% —%p  -28 o 25 50 7 15 —s0 -3 o 25 50 s ?
SiL
1% 7. BLSTM-HMM layer1(9%), 2, 3(L2%) 24 2hi
Figure 7. BLSTM-HMM layer 1(left), 2, 3(right) phone label
AEL
o
BO - « ADL
* 1 0 s .: « ~ o 7 " ::11
WIS ° . o
= T . -
' “ ~ ~ ~" s 20 ‘;:‘s‘ N o
0] 4 ' . 20 W - LT T . * ’ - ° ] 1
0 n oy e ". ‘ ;-' . oW i o ", ' - Ml x‘l’
o 4 . . £ o o5 Ml e Y . ) o
“ M . st £, . 5 ":‘1.!". -20 - LI oH
TP G W e TR . 1 '
o ')_"l ] - .. -:;:' N~ . }’ - ' j“-". » N N —a0 - l 4 / :
A TR Y, e :h £ - [4 * . - [
40 - N O e —40 ] ~ N
o Yt e * o S " - .
-0 e, ) ; -60 : :
I - ‘ .
= &0 -an -0 o 0 P 0 e o o M = - o -B0 -60 —40 -20 o 20 a0 &0 80 :’
SiL
I3 8. FU7E 2 A Q5 layer 1(9%), 3, 8(L22) 24 Zh

46

Figure 8. Encoder layer 1(left), 2, 3(right) of E2E model A, phone label

Seongmin Lim et al. / Phonetics and Speech Sciences Vol.11 No.l1 (2019) 41-49



w
b
ofN
L
o
ko
1
O
K
nj
2
fu)
)
o

l
X
o
o
B
1z
We,
=3
El

7% 99} 7% 102 T 2E BE o] 83te] <14 2o
ozt ko] vl E9 9] HA o S-bests R A
ojth F Rl Q14 e <<, > I 71T Atolef 91

= EBATE 71 EAfeln, H2A o] xe <<, > F /&

olefl $1X|3k= AL 71 EAke A2 o) %olth 1 9

6= dolojollA #F Ad § 71F= EAE nudt 42 1
T YES 2= o] ] vpxuk §9S
Q18 4= Qltk LSTMS] 5404 8 A 713 1o} o)A o] A3}
FAE o] g-ato] R B, o2 3 Rdl#o] 2 o]
4= Qluh o] ¢ B 9] CYES' ©ol & 2dl
S5 &9l8 &= 9t} kA uk ‘THEY SAID A9 “8’
= 9FS] “THEY’ ©ol7bAwt Rdlgsly 7 A Q) S0’
Sof UEhA] gk=t} w8k vl g v A’ A-S
S ohu g} oke] “THEY 7} B 3l 5783k 270
At} ARk v H 2 o] &
oro]l 7FA 1L Q= A1E o 4= Qe
AE F A 0] 5-bestE o] T H
)

H
. =

(o0
-

[E o
Y 2
o M yo

ﬁmﬁoﬁoﬁﬂrlrﬂrﬂﬁ_ﬁﬁ
I}
£ K

S

slo) a)
=

-
T
~
oy
o
o

-

)

=
we Lo
[Ru )

o)
2
—_

oy

_‘Tl_gmlo

1=

‘THEY &

ne e Mo

ot
ol
=
30
R

ol
o

=

rr
N

o (x

e

o 2

<)

A=)

=)

=

Pt

ofuk xL el ® T

“Yes so they said” Of| L&t NN
*_YE<<S>>_SO_THEY_SAID"
_YE<<S>>_BUT
_YE<<s>> SIR
_YE<<S>>_DEA
_YE<<8>> HEL
_YE<<8>>_RAC
“_YES_SO_THEY_ <<S>>AID”
WHEN_THEY_<<S>>AW_H
HERE_THEY_<<S>>AID_
_THEY_<<S8>>AID_
_THEY_<<S>>EEM_
WEST_THEY_<<S>>AID_

“ YES <<_>>SO_THEY_SAID”
_YES<<_>>ALL_
_YES<<_>>HELD
_YES<<_>>MY_D
_YES<<_>>WE_A
_YES<<_>>| KN

“ YES_SO_THEY_S <<A>>ID”
ELL_AS_I_S<<A>>Y_IT
ERE_THEY_S<<A>>ID_A
_THEY_S<<A>>ID_T
POSE_YOU_S<<A>>ID_|
HEART_HE_S<<A>>ID_G

3% 9. U 29 B Y2 layer6 2] HH 01X
Figure 9. Nearest Neighbors of Decoder layer 6 in E2E model B

“Yes so they said” 0| Ciiet NN
“_YE <<S>>_SO_THEY_SAID”
YE<<S>>_SAl

“ YES << >>SO_THEY_SAID”
_ _YES<<_>>SOME

_YE<<S>>_HEL _YES<<_>>SAID

_YE<<S>> RAC _YES<<_>>HELD

_YE<<S>>_WE_ YES<<_>>WE_A
_YE<<S>>_ALL _YES<<_>>|_KN

“ YES_SO_THEY_<<S>>AID”
_THEY_<<S>>AID_
_THEY_<<S>>ET_U
WHEN_THEY_<<S>>AW_H
WEST_THEY_<<S>>AID_
HERE_THEY_<<S>>AID_

“ YES_SO_THEY_S <<A>>ID”

HAD_BEEN_S<<A>>ID<e0s>
_THE_MAN_S<<A>>|D<eos>
N_MARTIN_S<<A>>ID_|
INGS_SHE_S<<A>>ID_S
THE_HAWK_S<<A>>T_UP

37 10. 90 22 B T 2T layer] o] HZA 0%
Figure 10. Nearest Neighbors of Decoder layer 1 in E2E model B

I AWHA FLA FAA 2 2

BE o]&3lo] F 7971 =74 9,56671 TAF B

ru
=,
=
ofr
Lon
£

¥ 25 5 97k vd vz 9 glojod )% xkol7) A
Al YERA] 2532 o = Stk & o3k 39 g7 9 29|

2
o] T7h= Asell mwol A HA eksvha A 5 glvk
3Gt A = o 27] Al HfelA qlo] o] o] o))
T AE Bl 5 Qlrk o= 719 o] il oehs 5}
7ol 28] F-=atet o) el g A2 Tl 7k 2lo] el o
& s ells Fdol AR-st dloje] o] =71 | F- 47] o
woll et = Atk T2 Rl S oM Abg-ahs
Ao mele] B4 24 dlelelneh Al 12 o] BAE o]
B2 Felohs vhd, SRt R o] v s = Qs o} Ftet
o] 574 vlolH = F-iahA drk. whebA AEA el 54 Aol
A AREBhE ]lof Rdle] A e sl F| HlolE 7L -5
aho] 22 529] ol ARg-dl= Ao R Feh Zlojnh

& U2E HolHF sshs
& FH 02 ALgSle] Qare Yus

oJo} 3 Aolt},

F2 T 2d B UIEH olojd A% vl
Table 2. Comparison of E2E model B decoder performance by layer

Layer U EENT A TYEE ST
1 88,024 1.84
2 93,080 1.94
3 95,254 1.99
4 94,084 1.96
5 92,401 1.93
6 92,625 1.93

& g

RoxE
AL
Ol
ol
rlr
oM,
o
o
ng
Ho
ol
_O|L
)
Hd
dlo
-4
o
o
2
12
How
v

e,
1o
o
H-
o
Ir
re
o 2
2 Mo
e
d
=)

o

A )

i

)
(AU

rl
3
o,
i
z
[o
OOHH

e

El

:?1:'
Moo ok
e A P o [ %o
_a_‘&iﬁl'J
e 4
i }% 3
oft

T =
X oo 2
Sp

(e

_Qr

o 2 o
1o

i
S

o

1o

]

O,:::‘

ol
Mo oH
_>|4_‘
1o
KO,
()

o] o]0l 3} BFH 02
S

ol
ol
2
3!
e
ol
L
L
i
2
™
Ruiy
rlr
ox
flo N,
ot
re
19
>
3/

Seongmin Lim et al. / Phonetics and Speech Sciences Vol.11 No.l1 (2019) 41-49 47



References

Abdel-Hamid, O., Mohamed, A. R., Jiang, H., & Penn, G. (2012,
March). Applying convolutional neural networks concepts to
hybrid NN-HMM model for speech recognition. Proceedings of
the 2012 IEEFE International Conference on Acoustics, Speech and
Signal Processing (ICASSP) (pp. 4277-4280).

Chan, W., Jaitly, N., Le, Q., & Vinyals, O. (2016, March). Listen,
attend and spell: A neural network for large vocabulary
conversational speech recognition. Proceedings of the 2016 IEEE
International Conference on Acoustics, Speech and Signal
Processing (ICASSP) (pp. 4960-4964).

Chorowski, J., Bahdanau, D., Cho, K., & Bengio, Y. (2014).
End-to-end continuous speech recognition using attention-based
recurrent NN: First results [Computing Research Repository].
Retrieved from http://arxiv.org/abs/1412.1602

Dayhoff, J. E., & DeLeo, J. M. (2001). Artificial neural networks:
Opening the black box. Cancer: Interdisciplinary International
Journal of the American Cancer Society, 91(S8), 1615-1635.

Graves, A., Fernandez, S., Gomez, F., & Schmidhuber, J. (2006, June).
Connectionist temporal classification: Labelling unsegmented
sequence data with recurrent neural networks. Proceedings of the
23rd International Conference on Machine Learning (pp. 369-376).

Graves, A., Mohamed, A. R., & Hinton, G. (2013, May). Speech
recognition with deep recurrent neural networks. Proceedings of
the 2013 IEEE International Conference on Acoustics, Speech and
Signal Processing (ICASSP) (pp. 6645-6649).

Gunning, D. (2017). Explainable artificial intelligence (XAl). Defense
Advanced Research Projects Agency (DARPA).

Hinton, G., Deng, L., Yu, D., Dahl, G., Mohamed, A. R., Jaitly, N.,
Senior, A., ... Kingsbury, B. (2012). Deep neural networks for
acoustic modeling in speech recognition. /EEE Signal Processing
Magazine, 29(6), 82-97.

LeCun, Y., Cortes, C., & Burges, C. J. C. (1998). The MNIST database
of handwritten digits. Retrieved from http://yann. lecun. com/exdb
/mnist

Miao, Y., Gowayyed, M., & Metze, F. (2015, October). EESEN:
End-to-end speech recognition using deep RNN models and
WEST-based decoding. Proceedings of the 2015 IEEE Workshop
on Automatic Speech Recognition and Understanding (ASRU) (pp.

167-174).

Mikolov, T., Karafiat, M., Burget, L., Cernocky, J., & Khudanpur, S.
(2010). Recurrent neural network based language model. Pro-
ceedings of the 11th Annual Conference of the International Speech
Communication Association (pp. 1045-1048).

Panayotov, V., Chen, G., Povey, D., & Khudanpur, S. (2015, April).
Librispeech: An ASR corpus based on public domain audio books.
Proceedings of the 2015 IEEE International Conference on Acous-
tics, Speech and Signal Processing (ICASSP) (pp. 5206-5210).

Sriram, A., Jun, H., Satheesh, S., & Coates, A. (2017). Cold fusion:
Training seq2seq models together with language models [Com-
puting Research Repository]. Retrieved from http://arxiv.org/abs/
1708.06426

Sutskever, L., Vinyals, O., & Le, Q. V. (2014). Sequence to sequence
learning with neural networks. Proceedings of the Advances in
Neural Information Processing Systems (pp. 3104-3112).

Watanabe, S., Hori, T., Karita, S., Hayashi, T., Nishitoba, J., Unno,
Y., Enrique Yalta Soplin, N., ... Ochiai, T. (2018). ESPnet:
End-to-End Speech Processing Toolkit [Computing Research
Repository]. Retrieved from http://arxiv.org/abs/1804.00015

* 914371 (Seongmin Lim)
ol ed A7 5 AE S A AL
A F S Al 747 Ttz 291
Tel: 010-7710-4835
Email: smlim01@kaist.ac.kr

Aok 4214

« A& Jahyun Goo)
=8 ed A7 WSS WAL
o F A A7 etz 291
Tel: 010-5314-0598
Email: jahyun.goo@kaist.ac.kr

ARk 24214

* 713 ” (Hoirin Kim) 2. ] 2}
sty ed A7 AA-SSHE al
A F Al 47 thsh= 291
Tel: 042-350-7417
Email: hoirkim@kaist.ac.kr

AR 4, ST, AR

48 Seongmin Lim et al. / Phonetics and Speech Sciences Vol.11 No.l1 (2019) 41-49



FEQt
o -
o'l 7R AEFE FAAA A1ZHs) £4
dAR-FAH-A I
2387 ed A7 DA
TE2E
ABA 404 B F2 58 293 o] RElg Alslo] TR ofu] £ RUg 5A]7]7] 98]
A 24 dlojEloll thgt e Bl ATk ohu gl A Ao RSBl whol o) Wha Al el el o) g4
= HlolE 7 Fastth o] wiitef] Rds T flsiM= WA Q) @l o] e sk o] o 7
ol Agsitt. 1e]a 5 Bllvp M| BAE HlojH R | fﬂcﬂfﬂ Relg A gstojof gt o2 gt HJ&?&E

s SIske] Aol shupel B AW R o] Fol 7 FektHendto-end) S04 Hlo] AT 11

th. o] el F4lo] ofe] 3go] Ba gl B 18ﬂﬂ4ﬂ#q~@ﬂﬂmqﬂﬂ%zﬂﬂm%@3

o SHYE 1A ol ol ) D] AL BAVL S ERAL ol 71 T 08 243

Hstol U212l 45 el o] a|sast 9k o} 215he] BLSTM-HMM ol el = £4214

s SR SR wEle] QOIS Bmata, A4 dele] W ofwa Aol LA B4 919
T

RS R =] R =)

NIHE
tSNES AHE3ko] A2 aatgieh. 2 Avhe SR elah Fek7h 2 Qlwie) 9] djo) g o 2= 9lglrh Ea FEkt
4914 me] Tzl ol oS dojmul BoA R4, Fuzk wa arie] Aol A% TS Sl
g Z2=%] 0] S o} 2= 01041;].
=T Tu=E 21T AT

sago): £ 914, A=FAS

Seongmin Lim et al. / Phonetics and Speech Sciences Vol.11 No.l1 (2019) 41-49

49



