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Exact inference in NMT is
impossible.
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Exact inference in NMT is
impossible.
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Stahlberg and Byrne, 2019
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https://aclanthology.org/D19-1331.pdf

Monotonicity of NMT model scores

NMT left-to- rlght factorization:

log P(y|x) = ZlogP yilyl !

T
<0

NMT scores are monotomcally decreasmg

Vj € [2,J] : log Py "' |x) > log P(y) |x)
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Exact decoding for NMT

* 1.) Run beam search

* v = P(yheam|X) is a lower bound on the global best score: 7 < log P(y[x)
» 2.) Run depth-first search

* Prune if a partial hypothesis score exceeds 7

« Update 7 if a better complete hypothesis is found

» Child nodes are ordered such that EOS is expanded first

Ybeam : beam hypothesis
y  :global best hypothesis
oy : lower bound
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Empty translations

Search BLEU Ratio #Search errors #Empty
Greedy 203 1.02 73.6% 0.0%
Beam-10 30.3 1.00 57.7% 0.0%
Exact 2.1 0.06 0.0% 51.8%

Searcherror: decoderreturns a hypothesis with a lower likelihood than that found
by exact inference

» In the absence of search errors, NMT
often prefers the empty translation.

Google




But Why?

e “Long sentences sum over more log-probabilities (which are negative), so they
result in lower scores”
o But: The left-to-right factorization is correct.
e “ltdoesn’treally matter - we use small beams / length normalization in
practice”

o But: Length normalization is a remedy, not a cure
o But: What is the head room? Is beam search obscuring other model errors?

e “Justtrain bigger models longer and on more data”
o But: Problem is reduced, but not solved
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Model uncertainty

e The neural model cannot decide which
outputis correct
e Example:
o  en:The pixel will receive updates until
October 2026.
o del: Der Pixel wird bis Oktober 2026
Updates erhalten.
o  de2:Das Pixel wird bis Oktober 2026
Updates erhalten.

Google



Model uncertainty

e The neural model cannot decide which
outputis correct
e Example:
o  en:The pixel will receive updates until
October 2026.
o del: Der Pixel wird bis Oktober 2026
Updates erhalten.
o  de2:Das Pixel wird bis Oktober 2026
Updates erhalten.

Google

Intrinsic uncertainty

e The same input has multiple acceptable

outputs
e Example:

o

de: Das Pixel wird bis Oktober 2026
Updates erhalten.

enl: The pixel will receive updates until
October 2026.

en2: The pixel phone gets updates till
10/2026.
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Intrinsic uncertainty

The same input has multiple acceptable

outputs
Example:

o

de: Das Pixel wird bis Oktober 2026
Updates erhalten.

enl: The pixel will receive updates until
October 2026.

en?2: The pixel phone gets updates till
10/2026.

Softmax models spread out probability
mass across multiple candidates
Eikema and Azis, 2020
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https://aclanthology.org/2020.coling-main.398.pdf

Intrinsic uncertainty in softmax models
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Conventional NMT learns a distribution P(y|x) over all translations y given the

source sentence x.

Thus, it cannot represent intrinsic uncertainty
Intrinsic uncertainty in the training data leads to contradictions since there is
a built in assumption that there is exactly one “correct” translation for a

source sentence.
Training data

del

enl

de?2

en?

de3

en3

del

en243

> P(enlldel)=1

F

> P(en243|del)=]



Intrinsic uncertainty of NLP tasks

Speech recognition

Optical character recognition

Grammatical error correction
(GEC)

Machine translation (MT)

Intrinsic uncertainty
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Intrinsic uncertainty of NLP tasks

Felix Stahlberg, llia Kulikov, and Shankar Kumar. 2022.
Uncertainty determines the adequacy of the mode and the
tractability of decoding in sequence to-sequence models. ACL

Speech recognition %Machine translation (MT)

Optical character recognition| Grammatical error correction
(GEC)

Intrinsic uncertainty
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https://aclanthology.org/2022.acl-long.591/
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Beam search curse

e MT quality degrades for large beam sizes, but GEC quality saturates.
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https://aclanthology.org/W17-3204.pdf

High number of beam search errors

e MT has a high number of beam search errors, but GEC does not.

MT-ende
MT-Iten
MT-fien

70%
» 60%
S 50%
© 40%
5 30%
©20%
0 10%

LELELELY |

0%

Google

MT-deen
GEC-jfleg
GEC-conlll4 —
N
Machine
translation
N
Grammatical
error correction

Beam size

J

High resource: MT-deen (German-English) MT-ende (English-German)
Medium resource: MT-fien (Finnish-English)
Low resource: MT-Iten (Lithuanian-English)




Cumulative probability mass of beam search n-best
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MT n-best lists cover a tiny fraction of the probability mass, but GEC covers

much more.

Cumulative prob. mass
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Sentence-level uncertainty measure u

e Foran n-way annotated source sentence with referencesy, ...y we define the
uncertainty measure u as the relative edit distance averaged across all the
reference pairs
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Blue: Grammatical error correction (GEC)
Purple: Machine translation (MT)

u increases with sentence length and intrinsic
uncertainty of the task
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Probability mass on the sentence level

e Forboth GEC and MT, the probability mass is more spread out for uncertain
sentences (in terms of uncertainty measure u).
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SCONES: Framing seq2seq as a multi-label problem

x= X, ... ’x|x|> e Replaces softmax
¢ activation with separate
sigmoids for each item in
y.= ypoesy,) Transformer Encoder the vocabulary
e No summation over the full

\ / vocabulary

e Tokens do not share
Transformer Decoder probability mass
e All other parts of the model

remain unchanged

fxy.)

Y
Logits

W] W2 W3 w 4

Felix Stahlberg and Shankar Kumar.
P(Zx,y<,;-w1 1%, ¥<i) P(zx,y<,--wz|x’y<i) P(Zx.y<.--w3|x?}’<i) P(:x,y<:'""l|x'y<i) 2022. Jam or Cream First? Modeling
Ambiguity in Neural Machine
Google Translation with SCONES. NAACL
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SCONES decoding

e Idea: Learn separate binary classifiers for each (x, y) pair that indicate whether

y is a valid translation (prefix) of x:
° Z is 1iff. there is a continuation of y to a valid translation

(0 otherwise

true if y is a translation of x 1 Iy eV :t(x,y-y')=true
t(x’y) = 2 Ry
false otherwise

e Decompose into conditionals for left-to-right decoding:

P(zxy = 1|x) = HP(Zansi = lzxy ., = 1,%) P(zxy ow = 1%, y<i) = o (f(X,¥<i)w)
—1
) Transf_ormer
= H P(ZX,}'« = 1|x, y<i)- logits
Google =3 =



SCONES training loss (token position i)

Lscones(X,y,1) = L4(x,y,1) +aL_(X,y,1)

£+(X,y,i) S log P(zxa}’Si == 1|X, y<'i)
= —loga(f(x, Y<z')yi)-
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BLEU score improvements (tuned alpha)

Greedy search Beam search (beam size = 4)
de-en en-de fi-en en-lt | de-en en-de fi-en en-fi It-en en-It
Softmax 38.8 387 269 11 396 394 27.7 190 269 120
SCONES 399 39.1 27.6 12:5 403 398 284 200 289 126
Rel. improvement | +2.7% +1.2 +2.8' +8.5% | +1.77 409 +2.77 +55% +74% 457
Language pair «
e SCONES consistently beats the Softmax de-en 0.5
baselines en-de 0.5
e SCONES with greedy search can often fi-en 0.7
outperform softmax with beam search
en-fi 1.0
It-en 0.7
en-It 0.9
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BLEURT-20 score improvements (tuned alpha)

Greedy search Beam search (beam size = 4)
de-en en-de fi-en en-fi It-en en-t de-en en-de fi-en en-fi It-en en-It

Softmax 7044 6808 6893 6616 6852 5668 70.78 6848 6956 6644 6920 57.61

SCONES 7069 6755 6928 6732 6896 5868 7088 67.99 6972 67.91 6995 59.48

e SCONES beats the Softmax baseline BLEURT scores for all language directions except English-German
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Quality/runtime trade-off

German-English

402
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g 390.6 F— s St
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Sentences per second

Speed-ups of up to 4x without BLEU degradation
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Fixing the beam search curse
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A small alpha value mitigates the beam search curse.
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Fixing inadequate highest probability translations

SCONES (BLE|)) ‘=
SCONES (length ratio) - - - -
Softmax (BLEU) ———
Softmax (length ratio) - - - -

BLEU
Length ratio

Unlike softmax, SCONES with a small alpha value
assigns the highest probability to adequate translations.
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Fixing empty highest probability translations

SCONES (exact search translation)
SCONES (empty translation) - - - -
Softmax (exact search translation)
Softmax (empty translation) - - - =

o

Vo
BN

=
o ®

Log-probability
o

—
N

Unlike softmax, SCONES with a small alpha value
achieves good separation between most likely and
empty translation.
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Beam search errors
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SCONES with a small alpha value reduces the number of
beam search errors.
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SCONES represents intrinsic uncertainty
French-English example

Input sentence: la stratosphere se trouve a environ 10 a 50 km d' altitude .
Output sentence: The stratosphere is about 10 to 50 km altitude.
e 3

5 2

— | ——
2 1

[

& 0

0 2 < 6 8 10 12

time step



SCONES represents intrinsic uncertainty
French-English example

Input sentence: la stratosphere se trouve a environ 10 a 50 km d' altitude .
Output sentence: The stratosphere is about 10 to 50 km altitude.
Time step 0 Time step 1 Time step 5 Time step 8 Time step 10 Time step 13
Tok. Prob. Tok. Prob. voo Tok. Prob. voo Tok. Prob. | ... Tok. Prob. voo Tok. Prob.
_The | 0.999 _st 0.996 _about | 0.987 50 1.000 _alt 0.918 </s> 1.000
_approx | 0.627 _above| 0.902
_around | 0.389
3
=
a2
= /\
._6 —— e
o 1
Qo
£ 0
0 2 4 6 8 10 12

time step




Synthetic language experiments

e [dea: Train an IBM-3 word alignment model 12 3 45 6§
. ja nie pojde tak do domu
with GIZA++ L V ferdiliy step
e Generate training data by sampling from Ja nie pojde do do domu
NULL insertion step
IBM-3 i\\,m\
. . ja NULL nie pojde do do domu Senioal bl
e Changing the sampling temperature ll ///L// P
controls the intrinsic uncertainty of the 1 do not go to the house distortion step

translation task “/ J/ LL L i

I do not go to the house
12 3 456 7
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German-to-synthetic-English translation

SCONES (a=0.2) = SCONES (a=1.0) ==
SCONES (a=0.5) = = - - Softmax
100% p—=——=—T , l

80% [
60% -
40% -
20%

0% 1 1 1 1 | r
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Sampling temperature

BLEU / BLEUpeam, softmax

SCONES with a small alpha value is more robust against
intrinsic uncertainty.
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SCONES - Practical advice

Google

Using the optimizer hyper-parameters from softmax for SCONES training is
often a good starting point, but SCONES may need further hyper-parameter
search.

JAX code for SCONES is in the appendix of the paper. A numerically more
stable TensorFlow implementation is in Lingvo.

SCONES gradient norms are huge in the first few training iterations. Using
Lamb instead of Adam can help.

A good alpha value depends on the task and the vocabulary size. We have
trained models with alpha between 0.1 and 6.0.


https://arxiv.org/abs/2205.00704
https://tensorflow.github.io/lingvo/lingvo.core.layers.html#lingvo.core.layers.Scones
https://arxiv.org/pdf/1904.00962

Summary

® Intrinsic uncertainty causes various issues in conventional seq2seq models
o Beam search curse (degrading performance at higher beam sizes)
o  Overly spread out probability mass
o Beam search errors
o Inadequate modes

e SCONES is designed to equip sequence models with the ability to represent

intrinsic uncertainty
o Has atunable parameter alpha to balance the importance of correct tokens and incorrect
tokens

e SCONES with tuned alpha value yields significant BLEU and/or runtime
Improvements over softmax baselines

e SCONES with small alpha value fixes various pathologies of seq2seq models
for intrinsically uncertain NLP tasks like machine translation
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Thank you!

Your scones connection in Prague:
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http://www.articbakehouse.cz/
https://flic.kr/p/bm2u5o

Length normalization

Length-dependent lower bounds: 7k = (k+1)

log P(ybeam|x)

|Ybeam| + 1
Search W/o length norm. | With length norm.
BLEU Ratio | BLEU Ratio
Beam-10 37.0 1.00 36.3 1.03
Beam-30 36.7 0.98 36.3 1.04
Exact 212 0.74 36.4 1.03

Length normalization fixes translation lengths but prevents

' exact search from matching the BLEU score of Beam-10.
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Source sentence length
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Source sentence length

Long source sentences are more affected by
search errors and empty translations.



Architectures

Google

Model Beam-10 Exact

BLEU #Search err. | #Empty
LSTM™ 28.6 58.4% 47.7%
SliceNet™ 28.8 46.0% 41.2%
Transformer-Base 30.3 57.7% 51.8%
Transformer-Big™ L7 32.1% 25.8%

=

The problem of search errors and empty
translations is not specific to transformer_base.




