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Motivation: graph search and lattices

Data is limited; customization is necessary.
Theory: models should be interpretable fine-tuned.
Application: DIY functionality; not professional services. 

Errors are inevitable; mitigation is necessary.
Theory: represent recognize what might be is spoken.
Application: search and editing; not captions or dictation.

Conclusion: use WFST E2E framework (i.e. Kaldi).



Kaldi: extensible HMM-DNN toolkit 

Dan Povey: HMM-GMM à WFST-DNN à K2-FSA
Code structure

egs/ Scripts to train and evaluate systems.
src/ C++ libraries and Unix-style binaries.
tools/ Dependencies: OpenFST and BLAS.

Private fork
egs/ Use fisher_swbd recipe; add 15,000 hours of data.
src/ Modify I/O; add server w/ graph & lattice functions. 
tools/ Add TensorFlow, Boost, SRC, VAD, etc.



Kaldi: modern approach to HMM

Structure: CTC-like model
Context: left biphones
Transition probabilities = 0.5

Training: lattice-free MMI

Features: 40d MFCC @ 30ms step

Figure 1:  danielpovey.com/files/2018_interspeech_end2end.pdf
Text: danielpovey.com/files/2016_interspeech_mmi.pdf

https://www.danielpovey.com/files/2018_interspeech_end2end.pdf
https://www.danielpovey.com/files/2016_interspeech_mmi.pdf


Kaldi: practical approach to DNN

Figure 1: danielpovey.com/files/2015_interspeech_multisplice.pdf
Figure 2, Table 1: danielpovey.com/files/2018_interspeech_tdnnf.pdf

https://www.danielpovey.com/files/2015_interspeech_multisplice.pdf
https://www.danielpovey.com/files/2018_interspeech_tdnnf.pdf


Reading: recommended vs. optional



Reading: recommended vs. optional



Tropical semiring?



W?FS[AT]
Recommend: awnihannun.com/writing/automata_ml.html
Optional: openfst.org/twiki/bin/view/FST/FstBackground
Helpful: courses.engr.illinois.edu/ece417/fa2020/slides/lec16.pdf

https://awnihannun.com/writing/automata_ml.html
https://www.openfst.org/twiki/bin/view/FST/FstBackground
https://courses.engr.illinois.edu/ece417/fa2020/slides/lec16.pdf


WFST operations

1.  Composition
Intuitive in theory; may be deferred in practice.
Kaldi: static graph (huge) or dynamic lookahead (slow).

2.  Determinization, minimization, ε-removal, etc.
Complex optimizations, in theory and practice.
Kaldi: specialized algorithms, beyond OpenFST.

3. Best path
Intuitive in theory; may be pruned in practice.
Kaldi: decode to lattices … and rescore from lattices!



Previously in CS224S …
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danielpovey.com/files/2012_icassp_lattices.pdf
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https://www.danielpovey.com/files/2012_icassp_lattices.pdf


WFST ßà Probability Theory 

p(a|b)

p(b,c)

p(a|b)p(b,c)

If	S	is	a	WFSA: p(b,b)	=	p(b)



Noisy Channel ßà WFST
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P(W) G: Grammar (e.g. trigram LM)

P(L|W) L: Lexicon (pronunciation dictionary)

P(C|L)	 C: Context-dependency (decision tree)

P(Q|C)	 H: HMM (e.g. biphones)

U: AM G: LM 
HᐤCᐤLᐤG: graph



Viterbi Approximation
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Example

• Build a graph for each word.
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Credit: Adam Janin, CS188 (Berkeley)



Example

• Build a graph for each word.
• Combine where possible.
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Example

x:y – When you traverse the arc, consume “x” and emit “y”.
<eps> - Epsilon.

• On input, do not consume any input. 
• On output, do not emit any output.

For any word/pronunciaBon: all input is consumed, one word is output.
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Credit: Adam Janin, CS188 (Berkeley)



Example

• Next slide has a bigger example:
• bad, badge, bag, bid, big, bud, budge, bug

• Uses letters rather than phonemes to make it easier to read.
• The data structure is known as a “decoding graph”.

Credit: Adam Janin, CS188 (Berkeley)



0 1b:<eps>

b:<eps>

2
u:<eps>

3

i:<eps>
4a:<eps>

u:<eps> 5d:<eps>

6

g:bug

i:<eps> g:big

7

d:bid

a:<eps> g:bag

8

d:<eps>

d:<eps>

9

g:budge

10

<eps>:bud

g:<eps>
<eps>:<eps>

d:<eps>

<eps>:<eps>

d:<eps>
g:badge

<eps>:bad

g:<eps>

11e:<eps> <eps>:<eps>

e:<eps>

bad, badge, bag, bid, big, bud, budge, bug

Credit: Adam Janin, CS188 (Berkeley)
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U = DNN output (WFSA)

p(o|q)	=	U

ShortestPath =	BestPath



HCLG = decoding graph (WFST)



S = search graph (WFST)



Graph construction: practical concerns

Implementation
Kaldi: disambiguation symbols, word-position-dependent phones, self-loops, ε-removal.
OpenFST: const vs. vector; prune vs. compress; packaged symbol tables; version skew.

Size
large-vocabulary: ~1 GB HCLG (static optimization)
large-vocabulary: ~100 MB HCLᐤG (dynamic lookahead)
custom grammar: ~1 KB HCLG (dynamic composition)

Speed
large-vocabulary: ~10 minutes (single-threaded, ~10G memory)
large-vocabulary: ~0.1 seconds (add words w/ unigram probability)
custom grammar: ~10 milliseconds (may even be network bound)



Graph search: practical concerns

Settings: pruning beam, lattice beam, max active states
Profiling: not much compute or memory usage (per thread)
Speed: mostly DNN evaluation (matrix multiplication)
Memory: mostly lattice determinization (if needed)



Lattice definition
tl;dr: directed acyclic weighted word graph ("DAWWG")

Text: danielpovey.com/files/2012_icassp_lattices.pdf
Figure: (source unknown; perhaps Murat Saraçlar, AT&T, 2004)

https://www.danielpovey.com/files/2012_icassp_lattices.pdf


Lattice properties

tl;dr: Ŵ∈	L	⊆	B	⊂	S

Text: danielpovey.com/files/2012_icassp_laTces.pdf

https://www.danielpovey.com/files/2012_icassp_lattices.pdf


Lattice generation

Text: danielpovey.com/files/2012_icassp_laTces.pdf

https://www.danielpovey.com/files/2012_icassp_lattices.pdf


Lattices in Kaldi

WFST WFSA

tl;dr: LatticeWeight=(graph_cost,am_cost)



Lattice operations



Performance tradeoffs and oracle WER
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Conclusion

WFST framework enables practical ASR:
1. interpretable sub-models (not E2E)
2. composition à customizable graph
3. graph search à lattice representation

Bonus topics:
Research: differentiable automata
Demonstration: Mod9 ASR Engine
Q&A: e.g. school à startup?



Research: k2-fsa



Research: GTN



Demos
1.  Negative latency for real-time streaming

Due to determinization during graph construction
Also affected by the DNN acoustic model's right context

2. Switchboard Benchmark
Kaldi's egs/fisher_swbd: competitive with cloud platforms
Lattice representations: oracle performance <1% WER

3. Dynamic customization
Pre-decoding: Add new words to the graph
Post-decoding: Bias phrases in the lattice



Toward Zero Oracle WER on Switchboard



Thanks!

docker run mod9/asr engine --help

help@mod9.io
+1(HUH)ASK-ARLO




