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(c) Weighted Finite State Transducer (WFST) (d) Weighted Finite State Acceptor (WFSA)
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5 ZaX B 1
) BRAMAE {a,b,c}
A BRAEEE {x,y,2z}
Q REE {0,1,2}
I MIRIRESE {0}
F ERRESE {2}
E IRALEFSE {(0,a,x,0.3,1),(1,b,y,0.4,2),(2,c, z0.6,2)
A MRS E 0.1
p HERIRSINE 0.7




0.2 WFSTEE I — WFSTL IR G #8215 P

XIAMEN UNIVERSITY

““-__

Boolean {0, 1} A 1
Probability R, + X 1
Log RU{—00,+ o0} Diog + + o 0
Tropical RU{—o0,+ oo} min + + o0 0

Hi, @), 8 X AXD,y=-log(e*+e”)

WFSTE%:FE%E/T\?**’J ¥IRTPHAH (B, ®'0,1) k3Fkx, HFDHMR=EE
B ZITiERE, 2RI minFl+, ﬁﬁ0$ﬂl%$x§$ﬂé&x§o



(o B !
o\
= | >

0.2 WFSTIE S —WFST IR & 2k Ar

XN TRSH e € ERit, TJRUE X ple]l Ae NIRRT, nle] bemIEIAIRT,
i[e] A ABERE, ole] MBI E RS, wle]l2mZAMNEFBINE, 4, T
ESRVRSHEIZRIE KL, m=e1e, H

nle,_1] =plel,i =2,k

plr] = ple, ], n[r] = n[e]
NFEEHNZTEE, NELBEZNEAN

win] =wle;] @ - @ wlek]
NFEZZBREIETER, WEH

W[R] =@ wyegrlm]

7, WFSTERZMIZE (xim N2y E)H
T(x,y)= & Ap[r]] ® wr] & p[n[r]]

x€P(1,x,y,F)




WFST=KE& 3%

« Composition(&3t)
* Determinization(fE1t)
* Minimization(&/)\{k)




XIAMEN UNIVERSITY

Composition(53f) Peye

Composition(&3f)
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Determinization(f.E4t)
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9.3.1 HNAAZ

Transition-state 1: phone = sil hmm-state = 2 pdf = 0
Transition-id = 1 p = ay, [self-loop]

Transition-id = 2 p = a3 [2 -> 3]

Transition-state 2: phone = sil hmm-state = 3 pdf = 1
Transition-id = 3 p = az3 [self-loop]

Transition-id = 4 p = a3, [3 -> 4]

Transition-state 3: phone = sil hmm-state = 4 pdf = 2
Transition-id = 5 p = a4 [self-loop]

Transition-id = 6 p = aus [4 -> 5]
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6:<eps>/0.5
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9.3.4 GRIHIE

e

\data\

ngram 1=6 W= —ln(lOL)
\1-grams: ZN1-gram B EAY S K" ITE
-0.6532125 </s> B -0.6532125, NIIXE
-99 <s> A-In(107(-0.6532125)), H
-0.6532125 A E {E:41.5041,

-0.6532125 JU

-0.6532125 5

-0.9542425 =

\end\
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\data\

ngram 1=6

ngram 2=6
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-0.6532125 JU -0.3679768
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HashList<Stateld, Token*> prev_toks, cur_toks;

frame = O;
while(frame < LastFrame)

{
Swap(prev_toks, cur_toks);
double weight_cutoff = ProcessEmitting(frame);
ProcessNonemitting(weight_cutoff);
frame++;
}

Eom PV N 4 Lo
@ n@_ﬁn /lj(n:» _— Emlttlng ArC
ZRRES 0 oo » Nonemitting Arc
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ProcessEmitting:
for all tokens old_tok in prev_toks
{
u = old_tok.key;
for all emitting arc (u, v)
{
cost = old_tok.cost;
cost += arc.weight + acoustic_cost(frame);
Add/Replace new Token for v if cost is lower;

}

}




ProcessNonemitting 2R L

{

{

ProcessNonemitting:
Add all tokens in cur_toks in a queue q;

while (lqueue_.empty())

u = q.pop();
for all nonemitting arc (u, v)

cost = old_tok.cost:

cost += arc.weight—+-aceustic—cost{frame;

Add/Replace new Token for v if cost is lower;

Add new token into q;
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TokenE

struct Arc {

int ilabel; //#54% IN 89 dr NAF 4

int olabel; //35# N9 40 b AR &

float weight; //42 # I\ Layi &

int nextstate; //4: # INiE 369 T —AVKRS
}

class Token {
Arc arc; // 5 Tokenx} 5 &9 £ 75 IR
Token *prev; // g5 3442 £ — /~Token#s 4t
int32 ref _count; //J& 4 £ 3% 69 Token 4 =
double cost; // & X4

}
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Viterbi&E 7EBITokenE R (costEZ 1Y) AT

cost=1.5 cost=1.5

12 1.2

cost=0 cost=0

cost=4.2 (0+3.4+0.8) cost=2.1 (0+1.8+0.3)V
(a) BXBRIZ: 0->2 (b) Z&HRIZ: 0->1->2

graph_cost=3.4, acoustic_cost=0.8 (B7MTE) graph_cost=1.2+0.6, acoustic_cost=0.3 (0->1)



ViterbiE EM TokenE R (cost L) TeX¥

cost=1.5 cost=1.5

12 cost=3.8

(21+1.7+0.6=4.4)X

cost=3.8 12
(1.5+2.0+0.3)

cost=0

cost=4.2 cost=2.1

(a) BRBERR: 1->3 (b) ZHHREFE: 2->3
graph_cost=2.0, acoustic_cost=0.3 graph_cost=1.7, acoustic_cost=0.6
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prev_toks.keys ‘ cur_toks.keys

01 02 03 04 Os O¢

while(frame < LastFrame)
{
Swap(prev_toks, cur_toks);

double weight_cutoff = ProcessEmitting(frame);

ProcessNonemitting(weight_cutoff);
frame++;
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prev_toks.keys @ cur_toks.keys

0, 03 04 Os O¢ or
while(frame < LastFrame) ProcessEmitting:
{ for all tokens old_tok in prev_toks:
Swap(prev_toks, cur_toks); u= oId_tok:key;
double weight_cutoff = ProcessEmitting(frame); for all emitting arc (u, v):
ProcessNonemitting(weight_cutoff); cost = old_tok.cost;
frame++; cost += arc.weight + acoustic_cost(frame);

} Add/Replace new Token for v if cost is lower;
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prev_toks.keys @ cur_toks.keys

0, 03 04 05 0 |

while(frame < LastFrame) ProcessNonemitting:

{ Add all tokens in cur_toks in a queue q
Swap(prev_toks, cur_toks); while (!queue_.empty())
double weight_cutoff = ProcessEmitting(frame); u = qg.pop();
ProcessNonemitting(weight_cutoff); for all nonemitting arc (u, v):
frame++; cost = old_tok.cost;

}

cost += arc.weight +aceustte—cost{frame;
Add/Replace new Token for v if cost is lower;
Add new token into q;
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prev_toks.keys @ @ @ cur_toks.keys

01 O3 04 Os O¢

while(frame < LastFrame)
{
Swap(prev_toks, cur_toks);

double weight_cutoff = ProcessEmitting(frame);

ProcessNonemitting(weight_cutoff);
frame++;
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DI Y Y I |

01 03 04 |05 3 Or
while(frame < LastFrame) ProcessEmitting:
{ for all tokens old_tok in prev_toks:
Swap(prev_toks, cur_toks); u = old_tok.key;
double weight_cutoff = ProcessEmitting(frame); for all emitting arc (u, v):
ProcessNonemitting(weight_cutoff); cost = old_tok.cost;
frame++; cost += arc.weight + acoustic_cost(frame);

} Add/Replace new Token for v if cost is lower;
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DI Y X X T

04 03 0,4 05 0 | |

while(frame < LastFrame) ProcessNonemitting:

{ Add all tokens in cur_toks in a queue q
Swap(prev_toks, cur_toks); while (!queue_.empty())
double weight_cutoff = ProcessEmitting(frame); u = qg.pop();
ProcessNonemitting(weight_cutoff); for all nonemitting arc (u, v):
frame++; cost = old_tok.cost;

}

cost += arc.weight +aceustte—cost{frame;
Add/Replace new Token for v if cost is lower;
Add new token into q;
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lowest final cost

Il
Last frame: cur_toks.keys . ‘ . .

01 02 03 04 Os O¢

Backtracking:
token = Token in cur_toks with lowest final cost

while (token != first_token)
arcs_reverse.push_back(token.arc);
token = token.prev;

Reverse(arcs_revserse);



- -———
- -
- -—o
- ~~

Last frame: cur_toks.keys

lowest final cost

@ -

Os O¢

Backtracking:
token = Token in cur_toks with lowest final cost

while (token != first_token)
arcs_reverse.push_back(token.arc);
token = token.prev;

Reverse(arcs_revserse);

Best path: 0->8->1->6->9->2->3->4
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3

4

struct ForwardLink {
Token *next_tok; //4&4&4% %) &9 Token
int ilabel; //#&45 I\ 89 3w NAF 4
int olabel; //#:# K69 4 b AR &
float graph_cost; //i& i AR (8.2-35 5 2R 45 5)
float acoustic_cost; // & F R M
ForwardLink *next; //35 @ B) —BF %) 89 T — N4 4%

struct Token {
float tot_cost; //R it 69 mARM (BIEEZHERFo 5 2 RMN)
float extra_cost; //#7 4 ForwardLink ¥ Fo 5% 4% % 2K 4 £ 769 & ME
ForwardLink *links; // 87 ey 454, 3% w1374 2Z #9Token, JB T Lattice & %,
Token *next; //#5 & ) — i %] &9 T — /\Token

}

struct TokenList {
Token *toks; //35 &) 5] — B+ %) 9 5 — /\Token
bool must_prune_forward_links; //J8 T 3 #, Ziktrue
bool must_prune_tokens; //J8 T 37 4, Ziktrue

}
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[ Token8 ] [ Token1 ] [
cost cost

Token9 ] [

Token2

)

TokenList[1]

01
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[ Token8 ] [ Tokenl ] [ Token9 ] Token? Token1 [ Token6 ] Token10 [ Token3
cost cost cost

cost cost cost COSt COost cost
TokenList[1] TokenList[2]
01 |02 O4 |05 Og or




Lattice &

_t
— > TokenList[1] » TokenList[2] > TokenList[3]
A 4 \4 V&
Token8 | [ Tokenl | [ Token10
cost | cost | cost
Token *next 1
Tokenl | ForwardLink Token6
cost cost
Ao
Token *next ! %Qﬁy- ! I
/,
Token9 - Oé_ﬂ Tokenl10 Token3
cost Q o cost cost
Token *next i é 5 ] I
o o
Token?2 g - Token7
cost =~ = cost cost
1 1
cost COSt
1
Token?2
cost
1
Tokenll
cost
1
Token4
cost
1
Tokenl
cost

Lattice RO RS 2L #E (Token Passing) 137#2

S
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« GERRANERER, X HEIMHKE&RAYT (best_cost) BToken, BI&fLAYToken, #RIEIX
Tokeni® E8IF F PR (cur cost) , HIE Abest cost+beam, [E X% Tokenid{T/iE5—Mn
N5k, ITEEANEZINHFNCcost, EEbeamBEEE|EEY KAIFIH LR (next_cost) .

o B XNE—MmiFA Tokenfi{— >KBI#k, HPH|—#HtBiTcur_cost BToken, BPiX#tToken
B2k tNE9-30fT <Ay Token9,

© B X EHEImBR 7 L TokenZ P H EToken, XS /aEry 5T H E#rAdcost,
NRBIIY K EBRnext_cost, NZFEBIMAHFY 5K, EO9-31a9Token7E|Token3ay%;
T2l 804y, SCFRr_EEToken3 A& A,

cost cost cost cost

£9-30 HtdE (F—%#)
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Lattice (1@ )

- IEZINFHh, Lattice, .%T%ﬁ%iﬁlﬂlﬂ_%%, (=S EY IS PVE]
BAEERE (MES]) , TRZENEIER TTI%L_ﬂE,w HTK
_Standard Lattice Format (SLF) {RfFLattice, MmKaldill] HFSTH

R, B ILASLFEL.

* Kaldi Lattice2 7 f#ERL e, BT ATZ|AYTokenListE & Ay Token
M5z ZEEHForwardLinkiB A4 B, 3F) .iﬁ&%ArCﬁﬁEﬁf 15

7N O




Lattice (JEIE) A#T

XIAMEN UNIVERSITY

o Lattice I EMLZE O] IAZFR7< A{input, output, weight}, RlLatticeBFEH N\ . i
M E, LatticeTF &I _ERPIRTSEI N Atransition-id, NS EH Hwords, HH
M BweightE 2FAME, BIERM (graph_cost) FEZARHM (acoustic_cost) .

03357:%/1.03.-6.78 a 31161:41/2.06,-7.31

31161:#1/2.01,-7.3

11

126642:4/1.08,-3.3

109691:E$H/8.60,-5.85

31161:F1/2.46,-7.31
23208:4k/1.32,-1.23
64309:805/2.49,-357, 3 o4

44127:3231/4.35,-6.07
@ o1 31161:F1/192,-73 109691:E1%/8.60,-5.85 @
64435:%/1.16,-3.90 7 » 8
o 64443.#4/3.07,-0.24
64312:#151k/3.81,-9.31 a

75212:1F/6.52,-0.28

5

- AN e
644435 5/3.07,-4.62 109691:%4/8.62,-5.85
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- Lattice s Z & BR1E, TR Mcostiffy, B/NBYHEARIE, EIJEIMLatticeﬁ
ﬁ%ﬁ%&oE%Eﬁﬁ 2 th ] FEFRAD LA R ELIEBREN, BT Lattice.
i

=
s FMBERREE—ER, WEF=, BNRIER A LI EESEE

C

44127:§§ﬂl/4.35,—6.07/\643092%5(5‘73/2.49,—3.5h23208:1t/1.32,—1.2?r\64443:§é/3.07,—O.H9691:§%§/8.62,—5.8
@ 2 2 2 2 : @



Lattice & CompactLattice LY

Lattice node-id1l,node-id2 transition-id,word, [graph

cost, acoustic cost]

Compactlattice

node-id1,node-id2,word, [graph cost, acoustic
cost],[transition-ids sequence]

XIAMEN UNIVERSITY

CompactLattice Lattice
utt-id utt-id
0 1 2 101.893,-3842.81, 0 1 0 2 101.893,-3842.81
1 2 3 2.77301,-5.57195, 1 2 0 3 277301,-5.57195
2 0042111111111111 2 340
211111112111 111111111
211111112111 111111111 148 149 1 0
1111111111111 111111 149 150 6 O
2111111211211111111111 150
211111112111 111111111
211111112111 111111111
211111111211 1111111116

[E—%&iES £ CompactlatticeflLattice F IAB R, ERERRHNEBEXE—

¥EHY, tbfnutt-idBS TEE—17, W LatticeZ R 2 A word-id A2 BN E

101.893, FZF K M=Z-3842.81,

E B, 7ZEIX{TH, CompactlatticeRm4E = 0B = 18950 L, By A% H FR
Frvid (word-id) #A2, EHEFEARMFEZKM A101.893F1-3842.81, M

Lattice P I A FTNIRFE S0 E D1 (XA NESEEFHESIMNES) HNIlL,
PR AYI (transition-id) 40, #HEARZFAYID (word-id) A2, %I/

BRI =25 51 4101.893F1-3842.81,
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