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Weighted Finite
State Transducer (WFST)

- Efficient algorithms for various operations.

- Weights

— Handle uncertainty in text, handwritten text, speech,

image, biological sequences.

- Applications:
— Text: pattern-matching, indexation, compression.
— Speech: speech recognition, speech synthesis.
— Image: image compression, filters.

Weighted Finite
State Transducer (WFST)

- Transducers:
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- Automata/Acceptors
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WFST Definition (I)

- A path m: a sequence of transitions.
— Original and destination states
— Input and output labels

@ kol -

- A semiring = a ring without negation
— Number set K.
— Sum @ and Product ® .

- Semiring examples:
— Probability semiring: R, +, X.
— Tropical semiring: R, min, +.

WFST Definition (II)

- General Definitions
— Alphabets: input 2, output A
— States: Q, initial /, final F.
— Transitions: E—->Q*(ZUe¢) *(AUe€)*K*Q
— Initial/Final weights: A=/—-> K, p=F—-> K

- WFSTT=(Z, Q I, F, E A p):

rlxn=_ @  Aplx)®wix]® p(iin])

neP(I,x,y,F

forallxe X and ye A"
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WFST Operations

- Sum

- Product

- Closure

- Reversal

- Composition

- Determinization
- Weight pushing
- Minimization

WFST Sum

- sum: [ @7 fxy)=[r]xnelr]x )
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WFST Product

Product: [ ®Tfxy)= @ [[lx,»)®[0]1x,)

X=X X2, V=V1Y2
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WFST Closure

- Closure: ﬁ"*l% y)= é}[TT(x»J’)
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WFST Reversal
- Reversal: E]x,y) = [Tlf, y)
YE%S green/03 7\ : WQ

0 blue/0
\&_yellow«"&é w
4/03 )

red./O 5

4 green/1.2
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WFST Composition

- Composition:  [71°T,[x,») =@ [11]x,2)®[T1,](z.»)
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WFST Composition Algorithm

WEIGHTED-COMPOSITION(TY . 1)

Q — I] X 12
S — Il X 12
while S = () do
(q1.q2) — HEAD(S)
DEQUEUE(S)
if (q1,q2) € [1 x I» then
I —TU{(q1,92)}
Alg1,92) — Mlq1) @ A2(q)
if (q1.q2) € Fy x F> then
F —FU{(q,q)}
pla1,q2) < p1(q1) = p2(ga)
for each (e, e2) € E[q1] x E[ga] such that ofe] = i[es] do
if (n[e1], nfez]) € @ then
Q — QU {(n[e1],nle2])}
ENQUEUE(S, (n[e1],n[es]))
E — Eu{((q1,q2),[e1]. 0lea], w[e1] & wlea], (n[e1].n[ea]))}
return 7'

WFST Determinization

- Deterministic WFST: no common input label for all outgoing
transitions from any state.

- Determinimization: determinizable WFST - deterministic W.

b/1

o)) com
)
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WFST Determinization Algorithm

WEIGHTED-DETERMINIZATION(A)
1 i — {(i,\3) i eI}
2 N@) T
38— {i)
4 while S # ( do
5 p' — HEAD(S)
6 DEQUEUE(S)
7 for each = € i[E[Q[p']] do
8 w — @Plvaw: (p,v)ep,(p,x,wq) € E}
9 ¢ —{(g@{w e waw):(pv)ep,
g = nlel.ile] = v, € E[QIY)

10 E — B U{({p,z,v, q)}

11 if ¢ Z Q' then

12 Q — Q' U{q}

13 if Q[¢'] N F # () then

14 F — F'u{q}

15 P(q) —D{veplg): (gv) €qd,qc F}
16 ENQUEUE(S, q')

17 returnT”

WFST Weights Pushing

- Weight pushing: re-distribute all weights along paths.
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WFST Minimization

- Minimize number of states and transitions of a deterministic WFST.

WFST Operations

- Composition: C=AoB

- Determinization: D = det(C)

— deterministic automaton: every state has at most
one out-going transition with any given label.

- Re-weighting (Weight pushing): E = push(D)

- Minimization: F = min(E)
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WFST Operations: Examples

a/'l

WFST Applications

- String search/match
- String conversion/ language normalization

- Representing Language models and probabilistic
grammar

- Sentence generation

Dept. of CSE, York Univ. 9
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Example I:
keyword detection

e C identifiers:

{char, const, continue,if,int, else, short, signed, sizeof }

e Brute-force search:

if (strcmp(token, '"char") == 0) return 1;
if (strcmp(token, "const") == 0) return 1;
if (strcmp(token, "oontinue") == 0) return 1;

if (strcmp(token, "if") == 0) return 1;

if (strcmp(token, "int") == 0) return 1;

if (strcmp(token, "else") == 0) return 1;
if (strcmp(token, "short") == 0) return 1;
if (strcmp(token, "signed") == 0) return 1;
if (strcmp(token, "sizeof") == 0) return 1;
else return O;

Example I: keyword
detection: tabular search

#define NKEYS 9

char *keywrds[NKEYS] = { ‘"char",
"const",
"continue",
"else",
nifn s
"int" s
"short",
"signed",
"sizeof" };

int keycmp(const void *x, const void *y)
{ return strcmp(x, *(char **)y);}

bsearch(token, keywrds, NKEYS, sizeof(char *), keycmp);
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Example I: keyword
-
detection: Automata Search
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Example I: keyword detection:
Deterministic Search
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Example I: keyword detection:
Minimal Deterministic Search

Example II:
Context-dependent Phones

- Monophone vs. Triphone
- Sentence: How do they turn out later ?
- Monophones: hawduhdhehternawtlaiter
- Triphones:
<s>-h+aw h-aw+d aw-d+uh d-uh+dh uh-dh+eh ...

- WFST: mapping context-independent monophones to
context-dependent triphones
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Example II:
Context-dependent Phones

- A simple example with only two symbols x,y:

x:x/e_¢g
yiy/e.x
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o/ L
(9 % ox/ XXX . = x:x/ —7 x | XX o x
N Xax/ g FRR > XY Y i . X.€ |

LR el o NG vy x 1 4
T xx A0 Ty / / g
/ PV gy VI,

\

a ¥

VIV A ylye

T ye )
A

yiy/x_g
viyley ' XX/X_€

yy/e_¢g

Example III:
Representing Language model

- Representing language models as WFST
- Representing HMMs as WFST
- Representing overall grammar as WFST

- Come back later ...
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