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End-to-End Speech Keyword Spotting Training Method Based on
Sample’ s Class Uncertainty

HE Qian-hua, CHEN Yong-giang, ZHENG Ruo-wei, HUANG Jin-xin
(School of Electronic and Information Engineering, South China University of Technology, Guangzhou, Guangdong 510641, China)

Abstract: End-to-end deep learning is the main technology for speech keyword spotting. The research focused on ex-
ploring better network structures, modeling units, and search strategies, and have made a lot of progress. However, less at-
tention is paid on training efficiency. In this paper, a novel class uncertainty sampling (CUS) strategy is proposed to select
effective samples for each training epoch. Since only a subset is used, much training time is saved. The core idea of CUS is
measuring the class uncertainty of samples with the forward information of the output layer during the middle and late train-
ing stages, and samples are selected at a probability of their class uncertainty. Therefore more attention is paid to samples
nearing the decision boundary, which are prone to missed detection or false alarm. Furthermore, the proposed method could
shield the interference of label error samples. Experimental results on the AISHELL-1 Mandarin dataset showed that fast
convergence and better training performance were achieved. Against the conventional training strategy, the average training
time and the average converging time was relatively shortened by 60% and 47.5%, respectively. At 0.5 FP/h false accept rate
(FAR), the false reject rate (FRR) was reduced from 4.75% to 3.65%, a relative reduction of 30.1%, and the maximum term
weighted value (MTWYV) was increased from 0.837 4 to 0.853 1. Moreover, it was experimentally verified that the method
could shield most of the mislabeled samples. This conclusion was confirmed with the experiments on the large-scale
AISHELL-2 Mandarin dataset.
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T AR A K (KeyWord Spotting, KWS) B 12
I TR AR A A R R R L S ik
WA . R A SRR AR TR 2 )
(2% J 3 235 (End to End, E2E ) 135 SCHERK I 7 ik
AT DL E 45 2010 RRAE S B bR ) ARG OC R, AT
SR B AT T 5 KO R A I R AR AN
FRYELE R 0 2, R M RTRIFTE 5

Uiy 3] it 1 O BHEAR) A I 5 12 43 Sy Bk TR R I BILA
i i -7 15 2% (Attention-based Encoder Decoder, AED)"
LT 15 F2 ) 7 432 2% (Connectionist Temporal Classifi-
cation, CTC) "2 Fh2&7 | Shan 25 A" i 648 A1) 1
AL A e O B ) G U ASE Y o BT v e P RE 1Y)
[F] sF i A 15 57 G R TRT R R 45 . Higuchil 55 A2 4 H1 25
GBS TE R HLE A 2 AT 55 2 2 T 58, W S T G B i)
FG A B . Bai 25 AU H i P 2R 4 28 I 45 (Re-
current Neural Network , RNN) Fl1 CTC Il 253 2] v v SC 56
SRR AT AL, Bl IS BT 30— 20 X R BT 4
P FNE R R R bR B HEAT R R . Yan 5 N4 1 0
FH %5 FRAE 2 4 22 ) 4% (Convolutional Recurrent Neural
Network , CRNN ) 45 ¥4 F1A7 1 5 775 4 A 12 5 Bt ) A ) 46
B E— R THERE . Lan %5 NS T CTC 12k
PRI B % il A AR S A [R) RE . A Sk 2y i v 3 e R
CNN #f 4K J=) 15 . BE J1 F1 RNN (1 B 7242 88 71, LA
CRNN 2544 A I8 5 4 Sy A B I 14 i 31 3 157
SRR ARSI s, O A R PR RE . A SC R BT
CTC 1y i 38 di 1855 D B T A DU T e T

DRI 2 2 VAR AR A, M T 83 AN
REEAS, BT H 0w 31 3 BE AL B2 T B2 (Stochastic
Gradient Descent, SGD) it = XJ 455 I I 25 0K 19 7 .
TE 5 B ALY SR A ms b FEA L) —RERYACE 2 5111 %%
Rifi 5 I 25 ) E A T 18R 1B 22 1) 25 2 R AR (8 3 T R )1
SLRE BRI PUR AUREAS | — JBAL T 2R AR 23 ] 1 s
D) B 2 G, X A B ) DT AR RIASE AL 2 B8 R 1 5 e A
O /N, B A YR AR AR S BORE TR T 1
BT BT PR BE TR 2% , DALk, TR E I R A 0] B hy
S TE A A )R BT v 0 AR R S8
WG AL AR EAL  BGHER A SE R | 3 350 2 2] R
R A 1) 1 v AR TR 1| o R ) 4 X A 38 0T DG
T D0 A S 5T RS R A B R A
SRS AR Y 5 . Zhang 258 AU 781 Zhad 7 v ik
PRI RIREAS , 4 H A i M P )y 22 IR it D
S AL A i i P o g S B8 ) S ), i BRI 8. 55
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SRR TS AR Al R . Sk 16 ]
D) SR PR PR A g JEL B R AR P T AR . T8 2 )
S PR A R B ) ) A —Fh R BRI R
AR M 70k FE LS T IINZR 3 B o0 H Y, 20 1
iy 15 JI s G T R S I AR A AR R R AR TR T I
R LR 2 AR PERE U] W R L A IR 2 ) (Cur-
riculum Learning, CL) PV L i FREA L IS, (B %5 &
— JRCPE RS RO U, BEAT 2 RS T OB TR A AT 55 Y

TETE B BRI A AT 55 v, B 3 s s A6 1 R 785 7Y
FEAR B ST R I R REAS A AR I 10 AR
AABS AR . 55— 5 T A 2 S A EAT
AR EE D AF 22, Oy T AR X s SRR AR 4 A 0
01,5 2] I R AR T B 2 O A2 B k2R
DO RRAE . TR AR BRI 5okt -G BOX 265G 515 B I
TER BRI BAFEADIE B . AR SCERG % B TR FE W 248 7
Wit 72 P B A B REATE I Zhd B2 P i 3 25
AR K R AL, 4 DR 5 o3 2 A% B U Rt B o g 24>
BBt . N ZRTF LRI, VR 0 26 AN HL AT ] il He e A7, )
ARG R IR T, YR E M 2% B — s 2k
DX orRE e, AR A8t AL Br B . — e & L 1L
TR Be Y I 28 R Lu ) 4R 32 SR N7 5 22 (2 L SC
BRL141) , PR Y T — AR i ME il A (Class Un-
certainty Sampling, CUS) A4S 7 FH 5w, B 75 15575 31|
b a3 A IR ALY ) 2P X 03 BE ) X T E R A R AT
KA EEE &, 9 LIE XHEAZS 5T 18I0
W (SN S T2 = AR AR S S A, A 4l
PR LR GRmpE A SR . IORAR I Rl FE R
AL RN GREAA B 222 5IR 212, vrth
T T REAR 5 28 RO REAS AN S 3 A I i L TR
RO, () IR ek 20 2 1 72 v R AR Y A G, BAT Rl
PR R R SFR T R AEA T LAY RE ), 4R M A B 2 o)

ARICAF A CL A FEAS SEAL e PR DR LA A ] ] Ao 5T
Fedfiban g o) R8¢ AHBARSE 5 1A ] (D FEARHY
ZH AR AR AT TR A 14 288 S J 3 32 Sk A DG, T
T 2 3 19 7 v 24 2R P A0 1 (s X D), (A 2 A
TR FI R BE T 5 () REAS I 2 SURARME A, T AN 2 5
TITRR AT figp N st s Il JL, DRAIE 1 BEHY (14972 Ak R
775 3l FHUINZARAEAS it 2 8 0/ 1Y, AR R TE Ak
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THEE 1 CL B 56 50 J ME SRS SR MEBE R A REA BT MREA

FIYINZRAE P (Y Zhid A bR AZ ke

2 ETHEARELRHEMENFEARRFIER X

AT A4 CUS TR HELR SR 5 456 CTC i 3]
Uity T R TR R I i, R SSOR i R B 4 LAk
T8 S I — 208 XS 5 HEPR AT IS 5504, X S
BT HEA TR 34
2.1 CUSEXIEZ

1k CUSTIRHESRR 43 Ry 5 MR SR A B AR ARV
oA B . R R ISR BEAREE D T A
S54RI 2 3 JEREAR () L 15 B R 2 )
[TE AR SISO PN ANE %Ny = S R (1 Ve N
B PSR T . eI e 0 BRI 25 ) B S e 2
XA PEA 1 25 R A X 435 L B R b 42 48 R T
PR 3 N [) R A v g J ek X A3 M1 R, S8
X 5 190 B T A B, AR AT B AR TR O S . SR e
AR R A SO I R R AR A B
TR FEAR I A R XHEAS ST 1
N ZRA S 28 5 AR I 2R i 8 B LU L
SR M REAE Sk &I 2k 7 5 D' D. NI 25 ad 72 0%
L, RREMEARS S AR, KX 5 i ik s k6 A g
X — T FEREAR 1 5 T, B v AR AR A R I 2 R A
. SR ISR AR BB 5 07 =X, A RIRE fo i 48 ) 45 35t s
(IR, A FEA P E TR, S 5T 148
RN T . B 1 CUS S B PR A ,
W, (x,,p,) AUNGREE RS n AT IRREAR & Hobr i, XN
YIRS kA HER I REALE 1 X, X a5 m
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BT JEAHE PR A S AE R

ARSI AR 24 AR X R AR () A0 15 B
FEAR ST BEVEMY , S8 E T 1R IR AR
B X TR BE A AL RIS RN 5 7 VA TR 290, A BV R
JRENE ST
Bk BFERHEEMERIIGTE
BN VLA D= (.0, (g0 )Gy ) |25 T R RN M
Zoi| () S RO I 0, RE TR RS 4
1. ¥lhtk: D'« Dp(x,) =1
2. while(BAI R ISEL) do

3. A DBEBLTRIR SR K=eeit ) Atk

4. for k=1 to K do

5. i ) 248 :output(X* ) <~ Model(X*)

6. $19:3157:L(0,) < Loss(output(X*))

7. BREH0, < 0,_,— 1V ,L(0,) 113 SRR PREAR AT
FRH s PR

8. if IRFHIEEH S 51 then

9. for m=1 to M do

10. CU(X} )« ClassUncertainty(output(X} ))

11. P (X5) < CalcProbability(CU(X ¥ ))

12. end for

13. end if

14, end for /IFEEEAI AR R HEAE S I RE R LI 2514
15, if SEEFEETFS &1 then

16. D'« {}

17. for i=1 to N do

18. randnum <« rand (0, 1)

19. if p(x,.) >randnum then
20. D'.append(x;)

21. end if

22. end for

23. end if

24.end while
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2.2 BAERIHELEE

B TR BB A AR SCRE S5 O T B A 1Y 2
AN RE A A O B DDA I R A ) 45 2R B AN E A
JE . R ERAR IR I, RS B AN E MR, BRURrE A
() JEAE A Z 8] ) X 345 7 P92 4 A1) AN 52 i 2%
AR ST 5 T 2R AN S IR I, FEAS 1 AN E 1R
1o, A TR T, T BB — AR A X T
UIHEAR A f5 B AR M 2 e i T Sk . DA AU ke
ARREAENE N THA x,, 8 LT S 4

(1) BRI 53 S (x, ): 2EALTRY ARy Y 5648 560
TR ST R 15 2 F AR SCHERR )
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(2) 35421853 5. x,): W B BRI 40 51 10 e s 1
g1 IR BARISE 4

MBI HA —E R RE T 5 AR E R A 1 B AR
133 ST P AATI KA x, 73 T 3k 3R A

(D RIBAEA  FEPRAE B35 A BE A BE AR 19 H Am
K15 4 S(x,) e m T 3 g 2 4 S (x,), B
Si(x,) > S.(x,). WCHHREAS B T IE BRI, 45 L o
o FEAR ZE AN E PR . R REAR L RE I B AR 2 TR
ML 22 5 R SEINGIFRRER R M RE T, H Bk
RO, H R AR EOS IRy 18] 55— 7
T 38 A AR B 5, S(x,) > S,(x,) B AME
R, P 2 FECLUIERE R TR . PIXRFEAR
TEREA AR b 5 26 R 280, J5 SN 25 vh o s A 3x SR AR
25, s KR TORO T

()M B A < BEAC 1 AR 43 5, )i 1K T
TEAHAF S (x,), BN S (x,) < So(x,). MR REAR 4G I 4
& H SR A BE BE e FEAZEAT & R AR ARG . X
HREAR R L HUR TARESE R, WAL Gt B
7 ok R B BE | 3 AR AU AN B Wi S 2 i IR AR A
AIPERE , [RIRERL IR X AR AR S 5 J5 221125

(3)3h FREAS  BEAS ) FLAR 75 40 S, (x,) 5 354
1955 8., ) AR A BEA MU B HE RS . 16 IR X
I3 ERATEERR AN TR IR IX A O T, RS LSS
FIA AT REZE I X I3 . 24 FTR R R X SR A (Y X
REIA TR T T2 Il 2 X A A B 35
DX PEAR L . X AR AR R AL TS i B . 3
S T BATCHY T AR AT 18] 58 42 03 B I AR SR DN
PR i1 SRR A R I AT — 2 BR B, H AR BR T 54k
B O3 BREAR RO L, AN RE X 43 i A AR AS 7 B fE
UL

IR R[S, ()~ S, (x,) | B, REAS SR W
SEPERAR | S, (e, )= S, (e, ) |/ BEA AR B 2 M
PR A e, BB 2 5] S, () — S, () [ #77E R I
KZ&, MK (D PR

Class Uncertainty (xl.) oc

‘St(xl.) —Sc(x,.)
2.3 BRESINESFESES

HE REA AT L3 AL 3% OB R O AEAS RN 35 G
SR R REAS 6 T H AR G w, e WIIFEAS , W=
{wl,wz, ---,wk}ﬁ?ﬁ%l%]{/l\?é%iﬂJ:”tTop-ly&%m
TR A LR 2R S L

(1) 27 B AR5 w, 19755 S,(x,) > So(x, ) E, Ry
A, 75 0 Ry P A

Q) HA BT w, (n k) 1135 S(x,) >S5, x,), ]
R MR AN TG

VANEFREAR, AT RERS 1 2 IEAG B 2, 7T R
SERVATR N RS 3% 2 PN T

(DK 1A A R . 2 8 1A IER AT A
W B L . I TE R DX R, e I A 2 A 4
S, () BELHEAE SN B bR XCHETR] w, A 7R 1% X S5 H
i SR w, Hh B A G5 FAE Ry 3a G0t 42, B 5 bR oG i
] w S B R AERAE R e 21555 S, (x, )5 X T IX.
I, MR ST 84593 S, (x, ) 2E O BB R w, BUAE R, 7E
DX ) AR X 42 0 3% g S s, DRI, 71 B
A5l S ) AR A Ry F AR B0 S, (x, ); B HL gk 2
RIS, ()= S, (x,) |, Be/NE Bk B AR5 504
PeOl , HOROR B M . A 2 A K B, R
|5, (e =S, (x, ) [ e/ FH T2 R o i M e o 5 o HL i
A X I U T A

:EﬁZﬁ:
|

:E%Bﬁ'
|

K2 feth 2 e i Ay ol

(2) TRk . BUES HARXT 4k H Ar 5 4 )
w,, M A , (EATE 4R BT LAFE S 0 R R 5] B
B B 0] w, Fe RME S, Ik I B A A AT BB LR B H A
SRR IX 3. R, HARZEARAY S, (x,) 5 SUN B bR K
TR w9 B KRR ] B A 3 B A A O ) M R A
HTEGHAFIY S, (x,). TEMIRKE IR, | S, (x,) - S, (x,)[Z
TE1] 149 2 (AR X T Gl T A X Sk 2 A /0N |, I ST A R A
BRI AT 2 AR X

Xt AN B S TR O REAR T A B H AR X 423
Sk AR SR T S 4 X G S 1T A i AR A AT R T
SCRBE w,,j € (1,2, -+, K | TURREAG H 25 51 vh d Y
S SR w, (I HE SR AE Ry 58 5 257558 S, (x, ), ]I 7R
Xt B B 3 A5 R O B R Y HE R AR o8 B bR 2K 15 4
S, (x,). 2447 H B A AR SR A ERAR K, H AR
RAF S, (x, ) IER T I A5 S, (x;), WRFEA A2
IRHASE VRSN 5 25 0 R B, 7 REAS AR T 1E 0 4 T 32
T LA S, (x,) S M A K|S, (%)= S, (x,)
JIN RSB R A LA i 2N M, T LA 2 G iR
R
2.4 HAXASET—RIIZHEE

BEAR SR e P M 7, 5 05 SR 1 5 0 B o
K, RZIRK . TR RS HULRR p(x,)

2
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5|8, ()= S, ()| R H R &R I b 36 2R Y R BAE AR
S REVE AR SR T HE S 0 5 B B, st (2)
JIF7R

plx) e (2)

BRI AR, 25 H— L5 & WA S S
HEARANE
e "‘Sl(x;_S:i‘:_e “ (3)
Horbp(x,) e [0, 1], 2B A Oy 7 B RE A Bl A B A A
FL| S, ()= S, (e,) [ BEA S SUIZRIHER p (X, ) 2
N REAR g R S (x,) 5 S, (x, ) A X
|8, (x) =S, Ge) | e/, MIBE AR 2 15 9 46 19 4 2% p(x,)
BK.

HBSH o T2 p (x,) X[ S, (x,) = S, (x, ) | o URR
R, N4 2 50 ZR g RE A B . I (4) Kl 3
iR, AR a iR i BB A TF] %’lali}_lwp(xi) =1,&
B AR R LAY SR 25, BT A7 AR AR B AN 25 . 24
lim p(x;) =1-]8,(e)=S.(x)|, Z 5 Ul % B % 15
Sc(x) =S (x) | RLAE T . 2 lim p(x,)=0,0i4
FEARESAR St b AR AT A 2 o b/, Bk
HIREAR B % .

p(x,-) =

1, o =—00
1=[S,(x)=S.(x)|. a=0
plx;)=10, a =+ (4)

—a|S,(x)-5.x)| _ -a
: © . S
1-¢e™

2.5 HmEIIZHNFEEHE

YRR ARAT — 58 IR 15 Al AR A il B 5K
W, R 2 SR IE IR Sh & 1F . — B OL T, IR
Ao R B B IE 401 2 B I 2 0 AT 38 L, R R AR
(RS IRV PR ERES -4 E IS GV EPIN i N

A A . PRIG, AT SE A R 1 FR S R Sk AR U S
¥ 0 A A St b A ABE AR (R M R L 21 0 TE AR 01 2 A X AR Ak
/NTEE B FEASIFETT S
| PICatidLoss — CWvatidLoss
P ajidLoss
HHT, preigross 2o A8 I TAE B IESE R RAEL, cur g o0 7
AN E AN el e S R =

<p (5)

08 [t
06 } %
3
=
04 |
02 |
0
| St G- Se(x)|
a=0 a==5
—————— a=—20

3 Al ol 192 51 ME%

3 EWIRITRERDW

S ) FE A B AR A BE A SCHR 1 CUS BEA
7 FH SR o S % D) 245 )11
3.1 SCIOHUE

S Ad ] AISHELL-12"Fll AISHELL-2"2 /4~ 28 JF
G IR TR . Ho AISHELL-1 4375 178 h Bt
LGB , AISHELL-2 S A 1000 h, 2B X 248
Tram FRRREM I AETELANHE. &
AISHELL-1 /]y #8552 55 rfr 3% B 8 A~ OC 3] 5 75
AISHELL-2 KB 5256 v, 38 70 4> 2~3 AT 744 1
], S U0 O AR R B S i) I3 2 B 4
FAM IO 5, PRI ILER 1.

F1 EBIEHRESI

YIS HERFEAKL | CEHRIRHR /N | SRS | dE SRR /R JEREN 4 SR /R
I Zte 18 022 24.4 54 066 67.3 72 088 91.7
AISHELL-1 il 1 600 2.2 3200 3.9 4800 6.1
ik 3200 4.4 6 400 7.9 9 600 12.3
Ik 205 615 246.6 616 853 572.6 822 468 819.2
AISHELL-2 IIE4E 15167 17.3 30 334 28.1 45501 45.4
A4 22769 26.0 45537 42.2 68 306 68.2

3.2 XWigE
TR OB IR AG DU R FH 2 T CTC ( Connectionist Tem-
poral Classification) 1) % ] s CRNN-CTC J5 ¥ , Z 44

B SCHR (14 1A R . 355 FRAE R 80 4k 1) X Bl Ay /R 1%
B, it 25 ms, WiF% 10 ms. BERILER AN 4 fros , Horp
CNN Bie H T 3R R a5 B, 8 &% 3~ =4 CNN(Con-
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volutional Neural Networks) 2 , &2 i35 FUZ KNS R
3x3, AW 1, T8 IE R 0N 016,32 .32, 0F HE R Z
J& BT 4t A5 #E 1L (Batch Normalization , BN) 1 Rel.U
(Rectified Linear Unit) (1% pREL , [7] I 7E 565 1> R 55 3
G BRZ Gl A A /N 2, 25 2.
RNNREHH] T2 > I A5 L, A5 2 )2 ] |19 47 B H.
JC (Bidirectional Gated Recurrent Unit, Bi-GRU) , #J{#i
256 NI . A AERIHSE 2 R B 1A
AR IZ P AYEEE Sl 256 R 4ERE O 128 5 144
22 g AR 5 X I 1 SRR Y E AR AR 2R 0
3.

WIZRBY B, TE 2 D 4 2 Z R i 1 He i o 0.5
i) Dropout , {ff FH ] i 2% ] #6547 0.001 1 Adam AL 25 ,
o B 5 000 A 1 IR, IR ECHN 0.9, #E KN
A 64, BB IEAR 1 WK, £ Early stopping 5B ,
MR RIAE ISR b ESE 10 50 A SR TR 4 kI 2
BB A P B R A R R AR O R AR LR B
{8 il Intel® Core ™i7-6850K@3.6 GHz CPU 5 NIVIDIA
GTX1080 TI GPU. 4 {RIESE 50 B i ml 1 , X b S5
TERLAR IR A — S0 PR T 4T

PEM 18 b4 iR TE 44 2 (False Reject Rate, FRR ) JE
AR/ R W PE R B AT A R DG B IR I AAH (Maxi-
mum Term Weighted Value, MTWV) ¢ i & 3¢ B 1 fig
AT

CTC %

*

SoftMax

{ AEHE ]
L .
. ( A )

I

| S RS TG ]

- . !

: I
|

( AT I )

! | WU oAb, ReLU, AL |

| L)

| ( 2 8BA )
| CNN

Bk | RV . ReLU |

' L)
|
|
|
|
|
|
|
|

( 2R )

)
| HEhH -1k, ReLU, B KL |
L

( 2B )

______________________________

%14 CRNN-CTC 7%

3.3 BSHMK

ARICTTEW K 2 BB S8 U S B o IR
FETF I BUAE B, HLBE(EF R M CUS BRI MR . A /N
K U AR vk 7 AISHELL-1 5084 I 3577 8 > e fik
T 8 /NS ST 50 58 B 2 AN S EOR AL . A -
(zhonggus) . 1 3 (shichang) . 23 Al (gongsi) . B 43 (bai
fen) 0 (jizhe) Il l7 (chéngshi) (£l (qiye) Fdb 5T
(beijing). 1EK M CUSYNZRid e rh , PPN 8RR HI FAR
A 0.5 FP/h st 48 FRR , 45 I 25 S RE I, LA B A
RO SCRE I (AN 2 SR T 10 AR I ZR ] ). 5256
SE5R 5 AN [ BEH LA T AT I 2R - 3 4A

PO S B B 7 (—o0, +o0) 2 [A] . 1 45 [ &2
B=0.1, R 5 IE 48 451 2% A0 X 28 46 2R /N F 10% B IF )3
CUS, Rt a 250, WA 5358 :-100,-10,-5.-1.0.
1.5.10.100. 3% 2 %5 AR o fH T AR 5E 591 25
FEHT .

M g =—o0, [l T — M H I T 5 4 a L -100~
100 728 Ak o B b, DI 2RI (8] 32 4 46 45, FRR JE T B s
B o BEARS S YNGR 0 A i30T 1, BRFe ik
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