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We present the dynamic programming algorithms for calculating EnCTC, EsCTC and EnEsCTC.

Following the marks defined in CTC [1]], given an input sequence X;.7 of length T, the model
predicts a sequence y'7 of length T, where y* denotes the probability vector of observing labels
over the fixed-length label alphabet L’ at timestep ¢. L’ = L U ) contains all the pre-defined labels
including a ’blank’ label @ .

Observed labels at all timesteps are concatenated in a path 7w, where p(7) = H =1 yTr Define a
many-to-one mapping operation B that firstly removes the repeated labels then removes all blanks
from the given path. All feasible paths satisfying [ are defined as {m|r € B~1(l)}. We also have
p(l|X) = > - ep-1() p(|X) which is CTC’s optimization goal.

1 EnCTC

The entropy term in EnCTC can be converted to

H(p(r|l, X)) =~ > p(a|X,1)logp(w|X,1)
reB-1(l)
Z P p(W\X)
= 8 P11 X) (1
1
= I0ps) Z p(m|X)log p(m|X) + log p({| X).
meB-1(l)

Note that p(!|X) can be calculated by CTC forward-backward algorithm. We only need to provide
dynamic programming algorithms for calculating Q(I) = . c -1 P(7]X) log p(m| X).

1.1 The EnCTC Forward-Backward Algorithm

Consider a modified label sequence I’ that adds blank before, after and in between each labels in [,
we get |I'| = 2|l + 1.

Define forward variable (¢, s) as the total p log p satisfying I’ prefix of length s till time t.

Yt s) & > (71| X) log p(m1.4| X)
{71 |B(m1:)=B(11. ), me=14}

t t
= Z H y:r/; log H yf,/;

(w1t B(m1.0)=B(1},,) m =10} /=1 =1
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As in CTC [1]], we allow all transitions between blank and non-blank labels and between two distinct
non-blank labels. This give us the following initialization

Y(1,1) = gy logys, ¥(1,2) = yy, logyj,, v(1,5) = 0,Vs > 2. (3)
and recursion
(t,s) = 3(t, s)yp, + alt, s)logyy,

S(t.5) = Yt —1,8)+~(t—1,5—1) ifl, =borl, ,=1. “)
8= vyt —1,8)+y(t—1,s—1)+~(—1,5—2) otherwise

where « is the forward variable defined in CTC’s forward-backward algorithm.

alt,s) 2 > P X)
{m1:e|B(m1:0)=B(l1:s),me=1s }

t
= Z H yf{;

{m1:e|B(m1:)=B(l1:s),me=ls } t'=1

&)

Since all feasible paths can be divided into two groups, i.e.ending with the blank or ending with the
last label in [, we get

Q) = (T, |I') + (T, |I'] = 1). (6)

Similarly define the backward variable 6(¢, s) as the total plog p satisfying I’ suffix of length s at
time t.

8(t,s) & > p(mer| X) log p(rer| X)
{rer|B(rer)=BQA, /) me=l}
T T (7)
= > 11 vz 108 [T w5,
{mer [B(mer)=B(, /) me=li} /=t t=t
with initialization
S(T, ') =y logyy , 6(T 'l = 1) =y, logyy,, (T,s) = 0,Vs < [I'| = 1 ®)

and recursion

6@7 S) = S(ta S)yf’s + 5@, S) log ylt’s

- S(t+1,8)+6(t+1,s+1) ifl. =borl, ,=1 ©))
5(t S) — S ) s+ K
’ S(t+1,8)+d8(t+1,s+1)+6(t+1,s+2) otherwise

All feasible paths can be divided into two groups, starting with the blank or starting with the first
label in /.

Q) =6(0,0) +6(0,1). (10)

1.2 Gradient Calculation

The gradient of the entropy term in EnCTC can be represented by gradient of Q(1) and p(1| X).
_OH(p(r|l, X)) 0 Q)

= —(—= —logp(l|X
Ay ay;i(p(llX) (1) an
L Lsem 1 o) Q)
p(1X) dy; p(1X) Oy p(l1X)
Note that % can be calculated by CTC back-propagation algorithm, we only need to provide an
k
algorithm for calculating 8{% O}
k



Since all feasible paths can be disassembled into paths going through different labels s at time ¢
]

=3 3 plel ) logp(x|X)

s=1rmEps
V']

= Z Z Z p(’n—ll:tfl|X)yltgp(7r2t+1,T|X) logp(ﬂ-llztfl|X)yltgp(7T2t+1,T|X)7

s=1m1,,, €EP1s T2, EPas

12)
in which ¢, ¢ and ¢ means
¢ = {m|B(m.e) = B(ly.,), B(mer) = Blyyp)), me = Ui},
¢1 = {m|B(m14) = B(lL,), ™ = I}, (13)
¢2 = {mer|B(mer) = Bl ), m = 1}
Consider the definition of forward-backward variables of CTC and EnCTC,

V]

Z yi (7(t,8)B(t, 5) + 8(t, s)a(t, ) + yp, logyy alt, s)B(t, s), (14)

where a(t, s) and B(t, s) are defined similarly with 5(¢, s) and 0(¢, 5).

Since a(t, s), B(t,s), 4(t,s) and 6(t, s) are constant to y!,, the partial gradient of Q(I) can be
computed as &

BAD S 5 5)8(0) + 300, 9)a(15) + (1 + logy)a(t, 9)B(1, )
Yk selab(l,k)

= ST )M, s) + 6t alt,s) + (1~ logyhalt, $)B(E ),

Yo setab(t,k)

5)

where lab(l, k) = {s : I, = k}, means the occurrence of label & in the target sequence.

The partial gradient of —H (p(7|l, X)) can be computed as

0—H (p(rl, X)) Q)
= - t) ﬂ ta
o PO i,
1

_— t,s)B(t,s) +6(t,s)a(t,s) —logytalt,s)B(t, s
+ XL be]azbgk)’y( )B(t, s) +6(t, s)a(t, s) — logya(t, s)B(t, 5)

[
—p(fx()lt S plx)

Yk {r|meB-1(1),m =k}

1
b X X))
Yk (nimeB 10 mmk)

Q() (Z{ﬂﬂGB*l(l),ﬂ't:k}p(ﬂ-|X> log p(m| X) 3 2 (rneB-1(1),m=k} P(T]X)

(X)L Q(l) p(I|X)
(16)

2 EsCTC

2.1 The EsCTC Forward Algorithm

We provide forward algorithm for calculating the conditional probability of ESCTC and calculating
gradient with Pytorch automatic differentiation package.

pr(l|X11) = Z Z (7| X1.1). (17)

2€Cr (1) meBZ (1)



We first define forward variable o (t1, t2, s) as the summation of the probabilities of segments 7y, .1,
that can be mapped to label [, by first removing repeated labels then removing the prefix blank(if

any).
(2
o(t1,ta,5) 2 > 1T+ (18)

{7\'t1:t2 |B(7Tt1:t2 ):lsyﬂtQ :ls} t'=ty

In particular, o (t1,t2,0) means the probability of an all-blank segment from ¢; to t5. We only allow
transitions from blank to label ;. This give us the following initialization

o(t,t,s) = ylts, o(t,t,0) = yi, (19)
and recursion
o(t1,t2,8) = (o(ty, ta — 1,0) + o(ty, ta — 1, 5))y,%,

. (20)
0(t17 t27 O) = U(tla t2 - 17 O)be'

Then define forward variable «.- (¢, s) as the sum of probabilities of paths till time ¢ satisfying length
s prefix of segmentation sequences with the equal spacing coefficient 7.

s Zs’+1*1

ar(t,s)= Y. > T II +. Q1)

2€Cr ¢ (l1:s) ﬂl:teB;I(llzs) s'=1 t'=2;
When s = 1, a,(t, s) degenerates to a single segment probability similar to Equation This give
us the initialization
o(l,t,1) ift<r
At 1) = } 22
ar(t;1) {O otherwise 22)

To limit the length of each segment and use blanks to separate the same labels, we have recursion

Zt’ml aT(t_t S_]‘) (t_t/+17t7s) iflS,1 #ls
t/m2 ar(t—t,s— 1)Z/t ¢+ o(t—t' +2,t,s) otherwise

ar(t,s) = (23)

The complete correspondence between input and output sequences includes segment ending with [
and a full blank segment with length not exceeding T‘TT|

T
i
pr (| X1.1) = (T, 1)) + Z ar (T =t |i))o(T —t +1,T,0). (24)

t'=1
3 EnEsCTC

3.1 The EnEsCTC Forward Algorithm

We provide a forward algorithm for calculating the entropy term of EnEsCTC and calculating the
gradient with Pytorch automatic differentiation package.

Hp,(all,X)=- Z p(rlt, X) log p(xl, X). (25)
z€Cr (1) meB (1)

The entropy term in EnCTC can be converted to

H(p- (wll, X)) = — 3 X sl losp(rlX) +logpU1X). @)

ZGCT () meB71(1)

Since p,({|X) can be computed by EnCTC forward-backward algorithm, here we
only need to provide dynamic programming algorithms for calculating Q,(l) =

>oreCn () 2omenst @y P(m|X) log p(7] X).



Similar to EsSCTC, we first define n(t1, to, $) as the sum plog p of segments ¢, .;, that can be mapped
to label [ by first removing repeated labels then removing the prefix blank (if any).

to to
n(t, ta, 5) 2 > IT o, 108 I o, @7

{7ty 1t | B(Tt, b0 ) =ls ey =ls } /=11 t'=t1
with initialization
n(t,t,s) =y logy;,
. . (28)
n(t,t,0) =y, logy,

and recursion

n(t1,t2,8) = (o(t1,ta — 1,0) + o(t1, t2 — 1, s))yf2 + o(t1,t2, ) logyltj 29
n(tlv t27 0) = 0(t17 t2 - 1’ O)Z/Ez + G(tlv t27 0) IOg yz2

Then define forward variable v, (¢, s) as the sum p log p of paths till time ¢ satisfying length s prefix
of segmentation sequences with the equal spacing coefficient 7.

Yelts)= Y > p(malX)log p(mi| X)

2€Cr ¢ (l1:s) my. €82 M (11.s)

s s/ 411 s s41—1 (30)
- > X I H e, los ] | H e
zECTt(lla)ﬂ—lfeBz (ll )5/ 1 t'= Z/ s'=1 t'= /
with initialization
n(1,t,1) ift<r
(t, 1) = . 31
Vet 1) {0 otherwise D
and recursion
ool
ol vt =t s = Dot —t +1,t,s)+a(t—t,s— 1)t —t +1,t,s)
ifls—1 # s
-
o(tys) = Lol (b —ts =Dy~ ot — ¢ + 2,8, 5)+

ar(t—t,s— Dyt Tt —t' +2,t,5)+

ar(t—t,s— 1)y~ t+110gyt ¥+l o(t—t +2,t,5)
otherwise
(32)
For the complete correspondence between input and output sequences,
T
Ty
Qell) =y (T, 1) + 3" 747 (T = ¢, W) (T — ¥+ 1,7,0) .
t'=1

+ap(T =t |I)o(T —t' +1,T,0)log o(T — ¢’ + 1, T, 0).

4 Path Pruning Analysis for EsCTC

Table 1: The influence of 7 on path pruning for different data scales.

T=26 =4 [[=8 [[[=12 [[=16] T=%2 =4 [[=8 =12

=16

CTC Path 4e6 2e9 lel0 4e8 CTC Path 1e9 lel4 lel7

7=1.0 x0.13 x0.04 x0.07 x0.04 | 7=1.0 x0.06 x7e-4 x4e-4
T=12 x0.31 x0.04 x0.07 x004 | 7=1.2 x0.19 x0.013 x0.021
T=15 x0.66 x0.56 x0.47 x0.60 | T=1.5 x0.62  x0.17 x0.13
7=2.0 x0.95 x0.89 x0.93 x092 | 7=2.0 x0.92  x0.70 x0.69

3el9

x2e-4
x0.03
x0.20
x0.68

T=104  [I|=4 J|=8 [|=12 Ji|=16 | T=208 =4 [I[=8 =12

=16

CTC Path  3ell 8el8 4e24 1e29 CTC Path  8el3 6e23 7e31
7=1.0 x0.03 x3e-4 x0.00 x0.00 | 7=1.0 x0.02  x3e-5 x0.00
T=12 x0.16  x0.008 x3e-5 x3e-5 | 7=1.2 x0.13  x0.005 x7e-5
T=15 x0.52 x0.21 x0.02 x0.01 | 7=1.5 x0.49  x0.12 x0.03
7=2.0 x0.89 x0.68 x0.42 x038 | 7=2.0 x0.88 x0.61 x0.39

5e38

x0.00
x5e-6
x0.02
x0.32
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