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Abstract

Maximum-a-posteriori (MAP) decoding is the
most widely used decoding strategy for neural
machine translation (NMT) models. The un-
derlying assumption is that model probability
correlates well with human judgment, with bet-
ter translations getting assigned a higher score
by the model. However, research has shown
that this assumption does not always hold, and
generation quality can be improved by decod-
ing to optimize a utility function backed by a
metric or quality-estimation signal, as is done
by Minimum Bayes Risk (MBR) or quality-
aware decoding. The main disadvantage of
these approaches is that they require an addi-
tional model to calculate the utility function
during decoding, significantly increasing the
computational cost. In this paper, we propose
to make the NMT models themselves quality-
aware by training them to estimate the quality
of their own output. Using this approach for
MBR decoding we can drastically reduce the
size of the candidate list, resulting in a speed-
up of two-orders of magnitude. When apply-
ing our method to MAP decoding we obtain
quality gains similar or even superior to quality
reranking approaches, but with the efficiency
of single pass decoding.

1 Introduction

Most state-of-the-art models for natural language
processing tasks are probabilistic, with the most
frequent parameterization being based on neural
networks. Once these models are trained, the pre-
vailing decoding strategy for natural language gen-
eration is MAP decoding, i.e. select the hypothesis
that maximizes the conditional probability given an
input. As an exact maximization is computationally
intractable, typically beam search or greedy decod-
ing are used to approximate the search for the best
" *Work carried out while interning at Google. Correspon-
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hypothesis. Neural Machine translation is a promi-
nent example of these types of models, where the
system is trained to generate a sentence in a target
language given a source sentence in another lan-
guage. Nonetheless, Eikema and Aziz (2020) have
demonstrated that MAP decoding methods may be
suboptimal due to the presence of misaligned prob-
ability distributions. Moreover, NMT models often
assign human translations lower probabilities than
their own beam search outputs due to calibration
issues (Ott et al., 2018; Freitag et al., 2020).

Eikema and Aziz (2020, 2022) applied MBR
decoding for NMT models as an alternative gen-
eration approach. MBR decoding follows a self-
consistency approach by sampling from the model
distribution and giving preference to hypotheses
that exhibit greater similarity to all other hypothe-
ses. In contrast to MAP decoding, MBR decoding’s
objective is not centered on generating the transla-
tion with the highest estimated model probability,
instead it selects the translation that exhibits the
highest quality based on a utility metric. Subse-
quent research conducted by Freitag et al. (2022a)
showed that MBR decoding with neural utility met-
rics leads to significant improvements over beam
search decoding. However, MBR is computation-
ally intensive, with a time complexity of O(M?)
for a candidate list containing M samples, ide-
ally M = 100 to 1000 according to Freitag et al.
(2022a). Note than when using neural metrics, each
“computation step” in the quadratic complexity is
itself computationally expensive, requiring a for-
ward pass through a large neural network.

As an alternative to MBR decoding, we can use
a quality-aware decoding strategy, generating a list
of candidate translations and reranking them using
a neural quality estimation (QE) metric that com-
putes a quality score for the translation conditioned
only on the source sentence. This method offers
the advantage of being more efficient than MBR
decoding, as its inference speed scales linearly with
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the number of candidate translations. A study con-
ducted by Fernandes et al. (2022) showed that em-
ploying neural metrics for QE reranking exhibits
comparable advantages to those seen with MBR
decoding. However, this approach still demands
the use of a separate, computationally expensive
QE model to evaluate the quality of each candidate.

In our work, we propose a novel method that
moves quality awareness inside the model itself,
enabling us to guide the generation process to-
wards higher-quality translations, and eliminating
the need for an external QE model during decod-
ing. Specifically, we investigate two key strategies:
Quality-Aware Prompting, where we use quality
prompts that explicitly encourage the generation of
high-quality translations, and Quality-Aware Pre-
diction, where we enable an NMT model to judge
the quality of its own translations. Both strategies
add special quality tokens to each NMT training
example. The strategies differ only in whether the
token is included in the source or the target sen-
tence.

Our main scientific contributions are the intro-
duction of quality-aware translation models, and
their application for improved, more efficient de-
coding strategies. We analyze two use cases:

* We propose a novel reranking approach that
eliminates the necessity for external QE mod-
els during decoding while maintaining the
same level of translation quality. We can
achieve similar or even superior results with
single pass decoding, eliminating the need of
a costly reranking step.

* We show that pre-filtering the candidate list
according to the model’s quality prediction
can dramatically boost decoding performance
of MBR, by up to two orders of magnitude,
while increasing translation quality.

2 Related Work

Machine Translation (MT) metrics can be divided
into two high-level categories: reference-based and
reference-free, also known as quality estimation
(QE) metrics. QE metrics compute a quality score
for the MT output conditioned only on the source
text. Reference-based metrics, on the other hand,
require a human-generated reference translation
to compare the MT output with. A multitude of
reference-based metrics are available to evaluate
the quality of translated content. Some metrics rely

on lexical overlap, such as BLEU (Papineni et al.,
2002), Meteor (Banerjee and Lavie, 2005) or ChrF
(Popovic, 2015). The WMT metrics task (Freitag
et al., 2022b) demonstrated that the new gener-
ation of metrics — neural fine-tuned metrics like
BLEURT (Sellam et al., 2020) and COMET (Rei
et al., 2020a) — have significantly higher correla-
tion with human judgement than traditional word
overlap metrics. Consequently, we focus on neural
fine-tuned metrics in this study. Quality estima-
tion for MT began as confidence estimation (Blatz
et al., 2004), but has recently shifted to embrace
close kinship with reference-based metrics, with re-
cent neural examples including OpenKiwi (Kepler
et al., 2019), TransQuest (Ranasinghe et al., 2020),
and COMET-QE (Rei et al., 2020Db).

A prominent example of a reference-based neu-
ral metric is BLEURT (Sellam et al., 2020), and its
extension to MetricX, which was the winning entry
in the WMT22 metrics task (Freitag et al., 2022b).
Building on this foundation, Juraska et al. (2023)
recently introduced MetricX-QE, which we use as
our primary QE metric in this work.

Reranking has a long history in translation,
starting with Shen et al. (2004), where a dis-
criminative model is learned to rank a candidate
list to maximize a reference-based metric, with
recent examples including Bhattacharyya et al.
(2021) and Lee et al. (2021), who both train using
BLEU. Our approach is closest to that of Fernandes
et al. (2022), who rerank using various translation
quality-estimation metrics, as opposed to training a
special-purpose discriminative reranker. We differ
from these works in that we do not need any exter-
nal quality signal, which is instead provided by the
NMT system itself.

While conventional MT research often relies on
MAP decoding or generating k-best lists through
beam search for MBR decoding, Eikema and Aziz
(2020) proposed an approximation of MBR de-
coding via unbiased sampling. Their method
aims to address the limitations of MAP decod-
ing (Eikema and Aziz, 2020; Miiller and Sennrich,
2021; Eikema and Aziz, 2022) by demonstrating
that samples drawn from the NMT model align
more faithfully with training data statistics when
compared to beam search. Freitag et al. (2022a)
showed that using neural metrics instead of overlap
metrics results in significant improvements in trans-
lation quality. As a follow up, Freitag et al. (2023a)
reported that the choice of sampling approach is im-
portant and epsilon sampling (Hewitt et al., 2022) is
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ideal for MBR decoding and reranking. Cheng and
Vlachos (2023) introduced an orthogonal method
to our proposed approach. They speed up MBR
decoding by gradually increasing the number of
samples used to estimate the utility while pruning
hypotheses.

Our Quality-Aware Prompting approach extends
a long line of methods where tagged training data
has been used to control NMT output for differ-
ent properties, including target language (Johnson
et al., 2016), formality level (Yamagishi et al.,
2016), politeness (Sennrich et al., 2016), do-
main (Kobus et al., 2017), gender (Vanmassenhove
et al., 2018), syntactic structure (Shu et al., 2019),
complexity (Agrawal and Carpuat, 2019) and read-
ing level (Marchisio et al., 2019). The approaches
closest to ours identify attributes related to transla-
tion quality, such as tagging back-translated exam-
ples to control away from synthetic data (Caswell
et al., 2019), or tagging target-original examples
to control toward natural-sounding output (Freitag
et al., 2022c). To the best of our knowledge, we
are the first to use quality estimation to tag training
data, allowing NMT to discriminate between differ-
ent translation qualities, and allowing us to prompt
the model to generate high quality translations.

3 Preliminaries

We are given a NMT model Pg(y|z) which serves
to estimate the probability of a hypothesis segment
y € ), given a source segment x. Here, © de-
notes the learned parameters of the neural network
and Y the set of all possible hypotheses. There
are two widely used approaches for generating the
translations of a given sentence.

MAP decoding: This method involves searching
for the most probable translation under Pg(y|z).
However, determining the hypothesis with the max-
imum probability is computationally intractable
due to the expansive and combinatorially complex
search space ). Consequently, approximations like
beam search (Graves, 2012; Sutskever et al., 2014)
are often employed.

Sampling: In many applications we want to gen-
erate diverse hypotheses, e.g. in generative tasks
where creativity is desired. In this case, instead of
selecting the candidate with the highest probabil-
ity (or an approximation thereof), we sample the
output sentence following the probability distribu-
tion defined by the model. For NMT, this approach

is used for generating a list of candidate transla-
tions, e.g. for MBR decoding. Specifically, ep-
silon sampling, as outlined by Hewitt et al. (2022),
has emerged as the leading sampling technique for
MBR. It was shown by Freitag et al. (2023a) to out-
perform other methods such as ancestral, top-k or
nucleus sampling (Holtzman et al., 2020). Epsilon
sampling prunes away any token with a probability
lower than a given threshold ¢, thereby guarantee-
ing that each token within a sample is allocated
a fair probability mass. The likelihood of select-
ing token (") in the sampling process at time 7 is
governed by

1,
p,T ifpr>e¢
0 otherwise ’

ey

P (y Dz, y" 7Y ~ {

with

pr = Po(y M|z, y" 7).
T denotes the sampling temperature. Epsilon sam-
pling proves to be a highly effective strategy for
the selective removal of unreliable, low-probability

tokens.

3.1 External QE Reranking

External QE-Reranking involves generating a can-
didate list of size IV through sampling and then re-
ordering these samples, according to a quality esti-
mation (QE) model. In our experiments, we employ
MetricX-QE! (Juraska et al., 2023), a modification
of MetricX, to compute a quality score ¢ = f(z,y).
Here, f is parameterized by a transformer-based
neural network and x and y denote the source seg-
ment and the translation, respectively.

3.2 Minimum Bayes Risk Decoding

In MBR decoding (Bickel and Doksum, 1977;
Berger, 1985), given a set of candidate hypothe-
ses ), the goal is to select the optimal hypothesis
based on its expected utility concerning the distri-
bution over human references within the space of
all references €2. This can be expressed mathemati-
cally as:

hbest — argmax Z ’[,L(y7 T)Phuman (T|x)7 (2)
veY e

where u(y, r) is a utility metric that is being used
to gauge the quality of a candidate translation y
with respect to a reference translation r.

"https://github.com/google-research/metricx
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Since Pyman(7|x) remains unknown, we resort
to sampling from the model instead, which relies on
the assumption that the model provides a reliable
approximation for the true underlying distribution
over human translations. Furthermore, the integra-
tion over the vast space of all possible references
) is computationally intractable. Therefore, MBR
adopts a finite sample estimate by sampling a set
of pseudo-references Viodel from Prodel (¢|2). This
approximation can be expressed as:

RMBR — aremax

yeyY

> ulyr),

’ymOdel | Teymodcl

where )V = Ymodel, as the same set of model hy-
potheses serves both as the candidate list ) as well
as the pseudo-reference list Viodel. The computa-
tional time complexity of MBR decoding is O (M?)
with M the size of the candidate list.

Note that this quadratic expression refers to each
sentence to translate, i.e. for a corpus of size .5,
the total cost will be O(S - M?). Also there is a
hidden (multiplicative) constant, namely the cost of
the computation of the utility function. For surface
level metrics (e.g. BLEU, ChrF), this cost is negligi-
ble, but for neural metrics it involves computing the
forward pass of a large neural network, therefore,
any reduction in the number of metric computa-
tions has an important effect on the total running
cost. In this paper, we focus on using BLEURT as
utility function during MBR decoding.

4 Method

4.1 Quality-Aware Model

In contrast to External QE Reranking, which uses
a separate QE model for assessing the quality of
translations, we propose a novel method that in-
tegrates quality awareness directly into the trans-
lation model, making an independent QE model
unnecessary during decoding. We present two ap-
proaches: in the first, we prompt the model to pro-
duce translations with a high QE score. In the
second, the model is designed to provide a quality
score alongside the translation. To achieve this,
we initially assess the quality of samples within
the training dataset, employing MetricX-QE. In the
training phase we train our NMT model simultane-
ously on source and target samples, as well as their
associated quality scores.

4.1.1 Assessing Quality

We first prepare the training dataset by comput-
ing the translation quality of each training sample
and labelling each sentence pair with the corre-
sponding quality score. Since the distribution over
translation qualities is not necessarily uniform, we
discretize the scores via equal mass binning into
B bins, which are then mapped to single tokens
of the vocabulary of the translation model. This
binning strategy leads to a balanced training set
w.r.t. quality scores. To achieve this, we consider
the set of quality scores () from all samples in the
training dataset, denoted as qi, g2, - . ., N, In Or-
der to determine bin boundaries or cut-off points
€1,€2,...,cpy1 suchthat vVl <i: < B

Hz |qeQ, ¢ <q<cipi}|~ %- “4)
In this way each bin contains approximately the
same number of samples. This is to avoid sample
imbalances per bin when training the model, which
in preliminary experiments proved to be important
as to not bias the model towards the most frequent
label. Next, each bin is assigned a bin identifier
b, which is represented by a single token in the
model vocabulary. E.g. if we define 10 bins (the
actual number we used in our experimentsz), we
can just use the numbers between 0 and 9. Lastly,
the quality score is inserted into the data pipeline
during training to associate the source and target
pair with the respective bin identifier b. To mark the
token b as a QE value, we employ a special string
format by surrounding b with square brackets: [b].
In the following we outline two distinct methods for
integrating our quality score string into the model.

4.1.2 Quality-Aware Prompting (QA
Prompting)

During the training process, we append the quality
score string [b] to the source segment. This en-
ables the model to associate the discretized quality
score b with a translation example with the same
level of quality. As the quality token is attached to
the input to the system, it provides us with the capa-
bility to prompt for different quality levels during
decoding. I.e. at translation time we can append
the token corresponding to the highest quality level
to prompt the system to generate a sentence of the
highest quality.

2For an exploration on other number of bins see Ap-
pendix D.
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4.1.3 Quality-Aware Prediction (QA
Prediction)

Instead of prompting the model explicitly for high-
quality translations, an alternative approach is to
design a model that jointly predicts a hypothesis
and a quality score. This design allows us to lever-
age our translation model to also function as a QE
model. To achieve this, we append the quality score
string [b] to the target sentence during training,
enabling the model to learn to predict the quality
during inference.

If using a reranking approach these quality
scores can be used to reorder samples within a can-
didate list. However, due to our use of discretized
bins, it is possible that the model predicts the same
scores for multiple samples. To address this, we
also consider the log probabilities z associated with
the bin identifier tokens. This additional informa-
tion allows for a more precise reranking of samples
in the candidate list. Specifically, we sort samples
with respect to b as the primary sorting criterion
and use the log probabilities z as the secondary
criterion. Given a candidate list of size M, we sort
the samples into y1,y2, . . ., yas with correspond-

ing discretized quality scores b1, ba, ..., bys and
log probabilities 21, 23, . . . , 237 such that
Vi<i<ji<M:
(5)

(bi > bj)V (b; =bj Az > zj)

With the sorted candidate list in hand, we can
proceed by either selecting the top-ranked sample
as our final translation or further processing the
top-k samples in the context of MBR decoding.

5 Experimental Setup

Model: Our model is a transformer consisting of
6 encoder and 6 decoder layers, 16 attention heads
with a dimension of 128, a hidden dimension of
8192, and a model dimension of 1024, resulting
in 551M parameters. We employ a shared vocab-
ulary of 32k tokens and impose a maximum sen-
tence length of 128 tokens. We utilize GELUs with
gated activation functions. The baseline system is
trained on the entire available dataset. All models
are trained on TPUs (v3) until they reach conver-
gence. The MetricX-QE model used for quality
estimation is a transformer based model with a to-
tal of 2B parameters, as described in Juraska et al.
(2023). To assess the applicability of our approach
to LLMs, we also fine-tune and evaluate a quality-
aware LLM, with results in Appendix C.

Data: We choose two high-resource language
pairs from the WMT 2022 shared task (Kocmi
et al., 2022): English to German (en — de) and
in the Appendix we additionally show results for
English to Japanese (en — ja). While we filter out
sentences exceeding 128 tokens, we perform no
further data filtering or preprocessing. The training
dataset for (en — de) comprises 295.8M samples,
while the (en — ja) dataset consists of 33.9M sam-
ples. Our evaluation is based on the WMT 2022
general translation task test sets.

Given that we have available MetricX-QE scores
for the whole training data, one natural question to
ask is what would happen if we limit the training
data to the only the best quality training sentence
pairs. Peter et al. (2023) showed that this is indeed
a very effective way to reduce the training data
size, while at the same time improving translation
performance. We also report experiments on this
data condition, which represents a stronger baseline
with which to compare our methods. For these
experiments we follow (Peter et al., 2023) and keep
only the top 50% scoring sentence pairs.

Metrics: We use neural metrics for evalua-
tion, with a focus on COMET (Rei et al., 2020a)
(COMET 22 version). We also report MetricX
scores, but as MetricX-QE is based on it and our
methods directly optimize this metric, there is
the danger of overfitting for this particular met-
ric (Amrhein and Sennrich, 2022; Yan et al., 2023).
In addition, for selected experiments we conduct
expert-based human evaluations using MQM (Fre-
itag et al., 2021), a human evaluation scheme cen-
tered on marking errors present in the translations.
Details can be found in Appendix 1. For complete-
ness we also report BLEU scores in Appendix B,
but we do not analyze them here, as it has been
shown that they do not correlate well with human
judgement of NMT systems (Freitag et al., 2022b).

6 Results

6.1 Control Experiments

6.1.1 Can NMT Models Learn to Estimate
Quality?

In a first experiment, we train a model using the pro-
posed Quality-Aware Prediction method (§ 4.1.3).
We then use this model to force-decode the trans-
lations provided in the WMT23 QE shared task
(Blain et al., 2023) and, once the model has reached
the end of the translation, we select the quality la-
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Pearson p

System sys seg acc-t
XCOMET-Ensemble  0.993 0.695 0.603
MetricX 0.977 0.585 0.602
MetricX-QE 0.969 0.626 0.596
QA Prediction (Ours) 0932 0412 0.524
Model PPL 0.722 0.213 0.504
BLEU 0916 0.192 0.520
ChrF 0.866 0.232 0.519

Table 1: Correlation of different QE metrics with hu-
man judgement on the WMT23 en — de task.

bel that gets assigned the highest probability by
the model. As many different segments will be as-
signed the same discrete quality label, we also use
model probability to break ties when calculating
correlations (see Section 4.1.3). In this way we
can check if our translation model can double as
a QE model. We evaluate this approach using the
same metrics as in the shared task. The results are
shown in Table 1, together with some other repre-
sentative metrics. The top block in Table 1 shows
the top-scoring metrics in the shared task.> As ex-
pected, we see that our model does not achieve
the performance of separate dedicated models (and
specifically not that of the MetricX-QE metric it
is based on), but it still outperforms the traditional
BLEU and ChrF metrics, and these have access to
the reference translations.

One could also consider using perplexity as an
indicator of translation quality, thus eliminating
the need of generating an explicit quality tag. Ta-
ble 1 shows that this value alone is not enough to
differentiate the quality of the translations.

In summary, our quality-aware method can pre-
dict translation quality better than perplexity scores
and older string-matching metrics, but not as well
as dedicated neural models. However, quality es-
timation is not the main goal of our work, rather
a tool towards improving translation quality and
efficiency, as we will show in Sections 6.2 and 6.3.

6.1.2 Can NMT Models Distinguish the
Quality of Their Own Outputs?

Next we turn to the question of whether the system
is able to judge the quality of its own translations.
In order to test this, we translated our dev dataset
with quality label predictions and then computed
the actual MetricX-QE scores which the model is

3Note that evaluation metrics and QE metrics were evalu-
ated simultaneously.

> o>

b e
. 4

'
v o
‘

+ +

MetricX-QE Score
3

20

0 1 2 3 4 5 6 7 8 9
Bins Predicted

Figure 1: Alignment between predicted quality scores
from the QA Prediction model and actual MetricX-QE
scores of translations in the en — de test dataset. The
boxplots show the distribution of actual scores across
all samples assigned to each bin. The median ground
truth quality score increases steadily in line with the
predicted bins.

trained to predict. We find that the predicted qual-
ity score bins are well aligned with these “ground
truth” scores?, as demonstrated in Figure 1, where
we show the distribution of ground truth scores
(non discretized) across the predicted bins. In par-
ticular we note that the system is able to accurately
detect bad quality translations, which will become
important for the translation use case.

6.1.3 Can We Control Translation Quality?

As a last control experiment we train a QA Prompt-
ing model following Section 4.1.2 and generate
translations using different quality labels. L.e. we
are asking the model to generate good translations
(high scores in the quality labels) as well as bad
translations (low scores). The results are shown
in Figure 2. It can be seen that the system is in-
deed able to adjust the quality of the translation
output according to the given prompting. Example
translation outputs are shown in Appendix F.

6.2 Translation Performance

Having confirmed that our model is indeed able to
distinguish quality levels, we explore how to use
this property to enhance the overall output quality
of a NMT system. For this experiment, we evalu-
ate both our Quality-Aware Prediction model and
Quality-Aware Prompting model.

For the Quality-Aware Prediction model, we ex-
tract N=1024 hypotheses from the model via ep-

*“Ground truth” in this context as these are the scores that
the model was trained to predict. They are not necessarily
ground truth for true quality measurement.
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Method Data MetricX COMET MQM |
Baseline Full Corpus 80.2 85.8 1.81
QA Prompting (Ours)  Full Corpus 82.3 87.1* 1.43*
QA Prediction (Ours) Full Corpus 82.0 86.5* 2.07
External QE-Reranking Full Corpus 83.3 86.9* 1.50*
Baseline Filtered 81.8 87.0 -
QA Prompting (Ours) Filtered 82.6 87.3* -
QA Prediction (Ours) Filtered 82.5 86.7 -
External QE-Reranking Filtered 83.7 86.9 -

Table 2: Comparison between quality-aware models and baseline models on the full and filtered training datasets.
The quality-aware methods outperform the baseline model and perform similar to reranking without requiring
an additional MetricX-QE model during decoding. * denotes statistically significant (pairwise permutation test
(Koehn, 2004) with p=0.05) differences compared to the baseline with p < 0.05. No significance is computed for
MetricX due to the methods optimizing this metric directly.

0.78 A

0.76

0.74 A

MetricX

0.72 A

0.70 4

0.68

O 11 @ (1 @ 51 6 71 8 9
QA Label

Figure 2: Translation quality dependent on the QA la-
bel used for prompting. Higher values in the label
prompt the system to generate better translations.

silon sampling and retrieve the quality score string
from each hypothesis. Subsequently, we rank these
hypotheses using Equation 5 and select the highest-
ranked sample as our final translation output. In the
case of Quality-Aware Prompting, we directly re-
trieve the final translation through MAP-decoding
by appending the highest quality score string as a
suffix to the source sentence, i.e. we “ask the model”
to produce high quality outputs. We compare these
two approaches with an identical baseline NMT
model that only differs by not using any quality
score during training.

Table 2 shows that both quality-aware methods
surpass the baseline model in terms of MetricX
and COMET, with QA Prompting showing better
results on both metrics. As expected, all the meth-
ods achieve big improvements in MetricX, as it
is closely related to the MetricX-QE metric that

we are directly optimizing. In fact, external QE-
Reranking achieves the best MetricX score by a
wide margin, however COMET puts QA Prompt-
ing on-par with QE-Reranking. Even though an
improvement of COMET of 0.2-0.4 seems small,
Lo et al. (2023) use human judgment to verify dif-
ferences in COMET scores and conclude that even
small differences in COMET scores can mean large
quality improvements.

The human evaluation mostly confirms the
trends shown by COMET. The MQM scores can be
interpreted as the average number of errors in trans-
lation, i.e. lower numbers are better. The human
evaluation shows that QA Prompting does indeed
produce significantly better translations than the
baseline systems, and it even outperforms the ex-
ternal QE-Reranking approach. This is specially
noteworthy given that QA Prompting is a single
pass approach, with no additional cost over the
MAP decoding baseline, whereas QE-Reranking
rescores a 1024 candidate list with an external (ex-
pensive) QE model. QA Prediction on the other
hand does not outperform the baseline approach
and in fact shows a degradation in performance.

When compared to the stronger baseline with
training data prefiltered with MetricX-QE scores,
we see that QA Prompting is still able to obtain a
slight improvement over both the baseline and QE-
Reranking, which is still statistically significant.
QA Prediction is not effective in this setting either.

6.3 MBR decoding

Next we turn our attention to improving the per-
formance of MBR decoding. This depends heavily
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Figure 3: Performance of quality-aware approaches (QA Prediction and QA Prompting) compared to baseline
MBR decoding across various candidate list sizes. MBR decoding with quality-aware models consistently out-
performs baseline MBR decoding across candidate list sizes. The quality-aware approaches can achieve the same
level of performance as baseline approaches while reducing the required utility function computations by up to

two orders of magnitude.

on the length of the candidate list M, and Fre-
itag et al. (2023a) showed that a large candidate
size of several hundred candidates is needed for
achieving good translation performance. However,
this property makes MBR decoding computation-
ally expensive as the utility function computations
grow quadratically with the candidate list size M,
see Section 3.2. Our investigation seeks to under-
stand how improved candidate quality influences
the performance and efficiency of MBR decoding.

For baseline MBR decoding we use epsilon sam-
pling to generate a candidate list of M samples, as
we do for the Quality-Aware Prompting approach.
For Quality-Aware Prediction, in line with the pre-
vious section, we employ our Quality-Aware Pre-
diction approach to sample N = 1024 hypotheses
with quality score strings. Then we rank all sam-
ples and select the top M samples as our candidate
list. Subsequently, we apply MBR decoding to the
gathered candidate lists. We used BLEURT as util-
ity function as a proxy for MetricX, due to the high
computational cost of this last metric.

In Figure 3 we show the performance of
our quality-aware approaches compared to base-
line MBR decoding across various candidate list
sizes M. Our proposed methods consistently out-
perform baseline MBR decoding in terms of Met-
ricX and COMET scores, irrespective of the can-
didate list size. Notably, our quality-aware ap-
proaches combined with MBR decoding require

substantially fewer candidates to achieve equiva-
lent performance to baseline MBR decoding. For
example, in models trained on the entire dataset, the
Quality-Aware Prompting and Quality-Aware Pre-
diction approaches obtain COMET scores of 86.9
and 87.0, respectively, with a candidate list size of
5 (needing just 20 utility function computations’
per sentence). In contrast, baseline MBR decoding
plateaus at 87 COMET starting at a candidate size
of 50 (requiring 2450 utility function computations
per sentence). This translates to a 100-fold increase
in computations for the baseline model to achieve a
similar score. We also note that the baseline model
with a candidate list size of 1024 achieves a Met-
ricX score of 82.9 and a COMET score of 87.0. This
indicates that our approach, with a candidate list
size of 50, outperforms a baseline model with even
1024 samples. For our experiments on filtered data
we observe a similar improvement in the quality-
aware models when compared to baseline MBR
decoding.

Table 3 shows the translation performance of the
MBR systems, including human evaluation with
MQM, with a candidate size M = 50. A first
observation is that baseline MBR decoding signif-
icantly outperforms the baseline system, coming
close to the external QE reranking approach. When
we combine MBR with quality-aware models, we

>The number of computations is M x (M — 1) as a hy-
pothesis is not evaluated against itself.
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Data #Candidates Method MetricX COMET MQM
Baseline (w/o MBR) 80.2 85.8 1.81
External QE-Reranking 83.3 86.9*  1.50*
2. MBR Baseline 82.5 86.8*  1.41*
S M =50 MBR QA Prompting (Ours)  83.5 87.4*1  1.36*
= MBR QA Prediction (Ours)  83.4 87.5*1 145+
&
MBR Baseline 81.1 85.7 -
M=5 MBR QA Prompting (Ours) 82.6 86.9* -
MBR QA Prediction (Ours) 82.8 87.0" -
Baseline (w/o MBR) 81.8 87.0 -
External QE-Reranking 83.7 86.9 -
3 MBR Baseline 83.6 87.4 -
2 M =50 MBR QA Prompting (Ours)  83.8 87.7*1 -
i MBR QA Prediction (Ours)  83.9 877t -
MBR Baseline 82.4 86.7 -
M=5 MBR QA Prompting (Ours) 83.1 87.3*
MBR QA Prediction (Ours) 83.1 87.2* -

Table 3: MBR results with quality-aware decoding approaches. The symbol * denotes statistically significant
differences compared to the baseline with p < 0.05, T denotes statistically significant differences compared to the
MBR baseline with M = 50. No significance is computed for MetricX due to the methods optimizing this metric

directly.

again obtain a significant improvement when com-
pared the the MBR baseline, with the MQM score
dropping from 1.81 to 1.36 for QA Prompting. In
this condition, the QA Prediction approach does
perform satisfactorily, and there is no significant
difference when compared to QA Prompting.

When reducing the candidate list size to 5, we
can see that the translation performance drops only
slightly (e.g. only 0.3 COMET for the Filtered QA
Prompting approach), but the number of utility
function computations is drastically reduced from
2450 to 20, two orders of magnitude. This is not the
case for baseline MBR, which actually performs
worse than the non-MBR baseline with this reduced
candidate size.

Note that each computation in MBR decoding
involves evaluating a neural metric, an expensive
operation. Thus, reducing the absolute number of
computation has a direct effect on running time of
the full MBR pipeline.

7 Conclusion

This paper introduces a novel approach to enhance
NMT by making the models quality-aware. Our
approach addresses the issue of misalignment be-

tween outputs generated via MAP decoding and
human judgment. We achieve this by training NMT
models to assess the quality of their own transla-
tions, effectively circumventing the limitations of
conventional decoding methods. As a result this
new approach yields improvements similar or su-
perior to QE-reranking approaches, but with the
efficiency of MAP-decoding, i.e. with single-pass
decoding (for QA Prompting, the best performing
method). QE-reranking in contrast needs a sam-
pling step followed by a reranking step using an
external, computationally expensive model.

By leveraging the model’s quality signal inter-
nally during MBR decoding, not only does trans-
lation quality further improve, but computational
efficiency is also dramatically enhanced, reducing
inference time by two orders of magnitude. This
improvement comes from a drastic reduction in
the necessary size of the candidate list needed for
producing good quality translations.

Overall this research opens up exciting possibili-
ties for advancing the field of NMT, offering both
improved translation quality and faster processing
speeds without the need for additional, computa-
tionally intensive models.
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Limitations and Risks

Our work is currently limited to two language pairs.
We leave it for future work to explore the applica-
bility of the proposed approach in multilingual as
well as low-resource settings. Furthermore, espe-
cially in low-resource languages where there is less
training data, overfitting to the QE metric used for
training could be a limitation.

We acknowledge that, although we are using dif-
ferent metrics for optimizing our method (MetricX-
QE) and evaluating it (COMET), both are neural
metrics trained on the same data from the WMT
evaluations. There might be biases that should be
taken into account when considering the method.
Nevertheless, neural metrics have proven to be the
most reliable evaluation metrics for machine trans-
lation up to this date.

A potential risk of our method might be that
training it is more resource-intensive than simple
models, and thus might increase the quality differ-
ence with respect to low-resource languages, since
they are unlikely to be allocated as many resources
as the high-resource languages.
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Appendices

A Additional Results for Language Pair:
English to Japanese

Beyond the results highlighted in the main text, we
present findings for an additional language pair,
specifically, English to Japanese (en — ja). Our
experimental setup mirrors that of the English to
German translation task, with the exception that
we employ a BLEURT score threshold of 60 for
training data filtering. Our results closely resemble
those obtained for the English to German datasets.

Exploring the en — ja scenario, we compare
the performance of quality-aware models against
baseline models using both the complete and fil-
tered training datasets. Evaluation metrics include
MetricX, BLEURT, COMET, and BLEU. Notably,
the quality-aware methods achieve consistently bet-
ter results than the baseline model, all without the
need for an additional BLEURT model during de-
coding (Tab. 4).

In Fig. 4 we also examine the effectiveness of
the proposed approaches in contrast to baseline
MBR decoding across various candidate list sizes
for en — ja. Our findings demonstrate that MBR
decoding with quality-aware models consistently
surpasses baseline MBR decoding across different
candidate list sizes. When trained on the entire
dataset our methods achieve MetricX and COMET
scores with only 5 samples that are clearly better
than the baseline model regardless of the sample
size. For this language pair we can dramatically
increase the performance while at the same time
requiring more than two orders of magnitude less
computation time. When trained on the full dataset,
our methods exhibit MetricX and COMET scores
that outperform the baseline model for all candidate
list sizes with a noticeable advantage, even when
considering a limited number of samples. Impor-
tantly, this improved performance is accompanied
by a similar reduction in computation time as for
en — de, with our approach requiring two orders
of magnitude less computational resources for this
language pair.

B BLEU scores

For completeness we include in Tables 5 and 6 a
copy of the main results of our paper, including
BLEU scores. However, as demonstrated in numer-
ous previous work (Mathur et al., 2020; Freitag
et al., 2022b; Lo et al., 2023; Freitag et al., 2023b;

Kocmi et al., 2024; Zouhar and Bojar, 2024, in-
ter alia) BLEU scores are not longer representative
of translation quality with current systems, hence
we do not base the analysis of our results on them.
Even more, Tables 5 and 6 provide further evidence
of this fact, as BLEU scores show negative correla-
tion with our available human evaluations.

C Quality-Aware LLMs

In this section we explore the potential of enhanc-
ing LL.Ms with quality awareness through our pro-
posed method. Specifically, we employ our most
efficient approach, Quality-Aware Prompting, to
finetune PalLM-2 Bison (Anil et al., 2023). To this
end, we finetune the pretrained model for 10k steps
with the same data as in the main text (en-de) us-
ing our QA Prompting approach. As baseline we
also finetune the LLM with identical configura-
tions on the same data, but without incorporating
any quality signal. In Table 7, we observe that QA
Prompting substantially outperforms standard fine-
tuning by 1.3 BLEURT points. Our results suggest
that substantial performance improvements can be
achieved with minimal data and steps. This opens
the door to the possibility of utilizing more costly
QE methods or even human evaluations in the fu-
ture to curate finetuning datasets and align models
directly with human preferences.

D Sensitivity Analysis of Number of Bins

In this section, we examine the selection of the
number of bins for discretizing the quality score.
To do this, we employ our Quality-Aware Predic-
tion approach and train five models with varying
numbers of bins, specifically 2, 3, 5, 10, and 20.
We then evaluate their performance on MetricX,
BLEURT, COMET, and BLEU. Figure 5 illustrates
that increasing the number of bins yields improve-
ments on our quality metrics, in particular in the
range of 2 to 5 bins. This aligns with our overar-
ching concept of instilling quality awareness in the
model, as a higher number of bins allows for a finer
distinction between quality levels within the model,
which is evident in our findings.

E Influence of Bin Identifier Choice

Tokens in a language model are mapped to an em-
bedding, representing a specific meaning or rela-
tion to other tokens within the embedding space.
In this context, we aim to explore whether mixing
token meanings from the primary translation task
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Figure 4: Performance of quality-aware approaches (Quality-Aware Prediction and Quality-Aware Prompting)
compared to baseline MBR decoding across various candidate list sizes for en — ja. MBR decoding with quality-
aware models consistently outperforms baseline MBR decoding across candidate list sizes. The quality-aware
approaches can achieve the same level of performance as baseline approaches while reducing the required utility

function computations by one to two orders of

magnitude.
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Figure 5: Sensitivity concerning performance of the Quality-Aware Prediction approach w.r.t. the number of
quality score bins. Increasing the number of quality score bins yields generally improvements on our quality

metrics, specifically in the range of 2 to 5 bins.
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Method Data MetricX COMET
Baseline Full Corpus 76.3 85.7
Quality-Aware Prompting (Ours) Full Corpus 80.3 87.8
Quality-Aware Prediction (Ours)  Full Corpus 80.9 87.7
Baseline Filtered 77.8 86.2
Quality-Aware Prompting (Ours) Filtered 80.0 87.7
Quality-Aware Prediction (Ours) Filtered 79.6 87.5

Table 4: Comparison en — ja between quality-aware models (Quality-Aware Prediction and Quality-Aware
Prompting) and baseline models on the full and filtered training dataset evaluated on MetricX, BLEURT, COMET
and BLEU. The quality-aware methods outperform the baseline model without the need of an additional BLEURT

model during decoding.

with the scoring task has a detrimental effect on ei-
ther one of them. To investigate this, we assess the
translation quality of the baseline model without
the inclusion of quality score strings, as well as our
proposed Quality-Aware Prediction approach.

Firstly, we evaluate the translation quality be-
tween the baseline and our model. We find that our
model performs equivalently to the baseline when
treating it as a basic translation model and disre-
garding the quality score strings appended to our
model’s hypotheses. This suggests that the model
successfully disentangles a token’s actual mean-
ing in the text from its role as a quality score bin
identifier.

Furthermore, we investigate whether the use of
tokens that appear frequently in the training data
corpus, such as numbers and letters, as opposed
to tokens that are the least likely to appear in the
training data, has an adverse impact on quality scor-
ing. To investigate this, we train our model with
5 bins but employ different bin identifiers, includ-
ing numbers [0, 1,2, 3, 4], letters [a, b, ¢, d, €], and
the 5 least frequently occurring tokens from the
vocabulary. Tab. 8 shows that varying the choice
of bin identifiers demonstrates a high degree of
robustness.

We further investigate possible cases where the
model does not produce a quality score at all. How-
ever, we find that the model is able to learn to pre-
dict a quality score as early as after 500 steps. We
only observe a few corner cases where the model
does not predict a quality score when we use ep-
silon sampling and sample 1000 sentences. In the
case where no quality score is produced we assign
the lowest bin identifier to a sample.

F Example Translations for QA
Prompting

In Table 9 we provide different translation exam-
ples when varying the label for quality prompting
(see Section 4.1.2). It can be seen, that the prompt-
ing has a critical influence in the quality of the
translation output.

G Combining Quality-Aware Prompting
and Quality-Aware Prediction

Throughout our experiments we frame Quality-
Aware Prompting and Quality-Aware Prediction
as two separate approaches. One might wonder
whether both approaches are orthogonal to each
other and might benefit each other when combined.
To this end we add the quality score string to the
source and the target sentence. To avoid that the
model just learns copying the quality score string
from the input to the output, we choose a multiple
of the bin number from the prompting approach
for the prediction approach. This way we make
sure that the model is required to first of all learn to
provide a high quality translation when prompted
for it and learns to fine grained distinguish the qual-
ity in the quaility prediction tasks in the output.
However, we observe that the combination of both
approaches results in inferior performance com-
pared to each approach individually, regardless of
whether the full or filtered dataset is employed for
training (Tab. 10). We hypothesize that this may
be attributed to the model becoming excessively
fixated on predicting the score in the output based
on the input score, potentially leading to overfit-
ting, where the prediction score becomes overly
conditioned on the prompting score.
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Method Data MetricX COMET BLEU MQM |
Baseline Full Corpus 80.2 85.8 354 1.81
QA Prompting (Ours)  Full Corpus 82.3 87.1*  36.6 1.43*
QA Prediction (Ours) Full Corpus 82.0 86.5* 27.1 2.07
External QE-Reranking Full Corpus 83.3 86.9*  28.1 1.50*
Baseline Filtered 81.8 87.0 36.2 -
QA Prompting (Ours) Filtered 82.6 87.3*  36.7 -
QA Prediction (Ours) Filtered 82.5 86.7 28.1 -
External QE-Reranking Filtered 83.7 86.9 27.8 -

Table 5: Copy of Table 2 including BLEU scores. We highlight in red the cases where BLEU shows inverse
correlation with human judgements when comparing systems to the baseline.

Data #Candidates Method MetricX COMET BLEU MQM
Baseline (w/o MBR) 80.2 85.8 354 1.81
External QE-Reranking 83.3 86.9*  28.1 1.50*
@ MBR Baseline 82.5 86.8*  30.8 1.41%*
S M =50 MBR QA Prompting (Ours)  83.5 87.4*1 319  1.36*F
3 MBR QA Prediction (Ours)  83.4 87.5*1 311 145+
&
MBR Baseline 81.1 85.7 29.6 -
M=5 MBR QA Prompting (Ours) 82.6 86.9* 313 -
MBR QA Prediction (Ours) 82.8 87.00 29.1 -
Baseline (w/o MBR) 81.8 87.0 36.2 -
External QE-Reranking 83.7 86.9 27.8 -
3 MBR Baseline 83.6 87.4 31.1 -
2 M =50 MBR QA Prompting (Ours)  83.8 87.7*1  33.0 -
i MBR QA Prediction (Ours) 83.9 87.7*1 320 -
MBR Baseline 82.4 86.7 30.6 -
M=5 MBR QA Prompting (Ours) 83.1 87.3* 324 -
MBR QA Prediction (Ours) 83.1 87.2* 302 -

Table 6: Copy of Table 3 including BLEU scores. We highlight in red the cases where BLEU shows inverse
correlation with human judgements when comparing systems to the baseline.
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Method (LLM) BLEURT

Baseline 779
QA Prompting (Ours) 79.2

Table 7: Quality-Aware LLMs: The performance of
LLMs can be enhanced via finetuning a pretrained
LLM with Quality-Aware Prompting compared to stan-
dard finetuning.

H Details of Quality-Aware Approaches

In the context of quality-aware translation, two ap-
proaches are explored. In Quality-Aware Prompt-
ing (QA Prompting), a quality score is appended
to the source segment during training, allowing
the model to associate quality score strings with
examples of translation exhibiting the same level
of quality (Figure 6a). Since this quality token
appears in the input, it allows for direct prompt-
ing of high-quality translations during decoding.
Conversely, Quality-Aware Prediction (QA Predic-
tion) involves training a model that predicts both a
hypothesis and a quality score concurrently. This
approach transforms the translation model into a
Quality Estimation (QE) model by appending the
quality score string to the target sentence during
training, enabling the model to predict quality dur-
ing inference (Figure 6b).

I MQM Human Evaluations

For the MQM evaluation we use the same annotator
guidelines as specified in (Freitag et al., 2021). The
annotators were compensated fairly and did not
have to disclose any personal information during
the annotation process. All of the test sets used in
this study are publicly available.
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Bin identifiers MetricX COMET

Baseline 80.2 86.0
Numbers 82.4 86.4
Letters 82.5 86.6

Least likely tokens 82.6 86.6

Table 8: Sensitivity of our Quality-Aware Prediction approach with respect to bin identifiers on the entire training
dataset. For all experiments we set the number of bins to 5 and vary the choice of bin identifiers. Our approach is
largely insensitive to bin identifiers.

e (D ()~ () OO ey = Ced (D) ()

score
source target

(a) Quality-Aware Prompting

fes) () (=)~ () eeg) = (eog) () ()~ (D (D () (1) (ees

score
source target

(b) Quality-Aware Prediction

Figure 6: Visualization of the Quality-Aware Prompting and Quality-Aware Prediction approaches.
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Source Needless to say, it was chaos.

[0] Es war ein sehr schoner Tag. Zranstation: It was a very nic day.”
QA Label [5] Es war ein Chaos. %'A/)Mzg transtation ,/2r/~ Weodloss to say "
[91 Unnotig zu sagen, es war Chaos. Jzarly purfict transtation.

Reference Es war natiirlich ein Chaos.
Source The total number of vaccines injected in the country reached
109,990,742 doses.

[0] Die Gesamtzahl der injizierten Impfstoffe in der Tiirkei erreichte
109.990.742 Dosen. in .dor Tirki" means in Turtey”
[5]1 Die Gesamtzahl der injizierten Impfstoffe erreichte 109.990.742

QA Label
Dosen. /%mmg the ,m/bmmﬂ'mz about the count ry.
[9]1 Die Gesamtzahl der injizierten Impfstoffe im Land erreichte
109.990.742 Dosen. Bw/féo# transtation.
Reference Die Gesamtzahl der im Land verabreichten Impfungen beléduft sich
auf 109.990.742 Dosen.
Source Long story short, she comes back to the checkout, but goes to

another line.

[0] Kurz gesagt, sie kommt zuriick zur Kasse, aber geht zu einer
anderen Zeile. Zit" is an incorrect word in this contowt.
[5] Kurz gesagt, sie kommt zuriick zur Kasse, geht aber zu einer
QA Label anderen Linie. Fni' i bettor. but still not natuwral,
[91 Lange Rede kurzer Sinn, sie kommt zuriick zur Kasse, geht aber
zu einer anderen Schlange. ‘Zhlung” is the correct word. dbso nic wse of
the ddiom “Lange Rode kurzor Linn .

Reference Um es kurz zu machen, sie kam zuriick zur Kasse, stellte sich aber
bei einer anderen Schlange an.

Table 9: Annotated example translations for different quality labels used for prompting.

Table 10: Performance of combining Quality-Aware Prompting and Quality Prediciton approaches on both full
and filtered datasets. Two combined models are trained for each dataset: one with 10 and the other with 20
prediction quality score bins, while using 5 quality score bins for prompting. Combining both approaches yields
no improvements across metrics.

Method Data MetricX COMET
Quality-Aware Prompting Full 82.3 87.1
Quality-Aware Prediction Full 82.0 86.6
Combo: ProBins=5 and PreBins=10 Full 82.1 86.7
Combo: ProBins=5 and PreBins=20 Full 82.1 86.7
Quality-Aware Prompting Filter 82.6 87.3
Quality-Aware Prediction Filter 82.5 86.9
Combo: ProBins=5 and PreBins=10 Filter 81.9 86.6
Combo: ProBins=5 and PreBins=20 Filter 82.1 86.8
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