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ABSTRACT

We introduce k-nearest-neighbor machine translation (kNN-MT), which predicts
tokens with a nearest neighbor classifier over a large datastore of cached examples,
using representations from a neural translation model for similarity search. This
approach requires no additional training and scales to give the decoder direct ac-
cess to billions of examples at test time, resulting in a highly expressive model that
consistently improves performance across many settings. Simply adding nearest
neighbor search improves a state-of-the-art German-English translation model by
1.5 BLEU. kNN-MT allows a single model to be adapted to diverse domains by
using a domain-specific datastore, improving results by an average of 9.2 BLEU
over zero-shot transfer, and achieving new state-of-the-art results—without train-
ing on these domains. A massively multilingual model can also be specialized
for particular language pairs, with improvements of 3 BLEU for translating from
English into German and Chinese. Qualitatively, kNN-MT is easily interpretable;
it combines source and target context to retrieve highly relevant examples.

1 INTRODUCTION

Non-parametric methods have recently been successfully applied to tasks such as language modeling
(Khandelwal et al., 2020) and question answering (Guu et al., 2020; Lewis et al., 2020). They allow
models that are (1) expressive, because they can use an arbitrary amount of data at test time; (2)
adaptable, because predictions can be controlled by changing the datastore, and (3) interpretable,
because the data used to make the prediction can be directly inspected. We introduce kNN-MT, a
simple non-parametric method for machine translation (MT) using nearest neighbor retrieval. kNN-
MT can be added to any pre-trained neural translation model without further training, and signifi-
cantly improves performance for in-domain, out-of-domain, and multi-lingual evaluations.

More specifically, kNN-MT interpolates the target-token softmax distribution from a neural MT
model with a multinomial generated using nearest neighbor search over examples cached in a data
store. The cache is over translation contexts (i.e. the complete source and prefix of the target), and
is indexed by hidden states computed from the base MT model. We hypothesize that contexts which
are close in representation space are more likely to be followed by the same target word. We show
this is not only true for the original training data, thereby improving base model performance, but
across a range of different bi-text corpora, allowing for simple and effective model adaptation.

Our work builds upon recent results showing the effectiveness of nearest neighbor methods in uncon-
ditional language models (Khandelwal et al., 2020). We generalize to conditional language models,
by using both source and target context, and show nearest neighbour models can be effective for
generation in addition to density estimation. Compared to prior work on non-parametric methods
for MT, our approach is arguably simpler (in that it requires no training, as compared to Gu et al.
(2018)) and more expressive (in that it provides access to billions of key-value pairs during infer-
ence, as compared to Zhang et al. (2018); Gu et al. (2018)).

Extensive experiments show that kNN-MT scales to datastores containing billions of tokens, im-
proving results across a range of settings. For example, it improves a state-of-the-art German-
English translation model by 1.5 BLEU. kNN-MT can also be used to adapt a single model to
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…
J'ai ma propre chambre. 

I have
I had

I enjoy
…

I have
…

been
been

summer
…
my

Distances

4
3

100
…
1

Nearest k

my
been
been

1
3
4

Temperature

my
been
been

0.1
0.3
0.4

Normalization

my
been
been

0.40
0.32
0.28

Aggregation

my
been

0.4
0.6

(s(n), t
(n)
i�1)

<latexit sha1_base64="N44/1HzVGLPqDfDOhKx9WZHVfSk=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhBa0zFRBl0U3LivYC7RjyaRpG5rJDMkZoQzjxldx40IRt76FO9/G9LLQ1h8CH/85h5Pz+5HgGhzn28osLa+srmXXcxubW9s79u5eXYexoqxGQxGqpk80E1yyGnAQrBkpRgJfsIY/vB7XGw9MaR7KOxhFzAtIX/IepwSM1bEPCvo+KchieoJhCp2En7ppsWPnnZIzEV4EdwZ5NFO1Y3+1uyGNAyaBCqJ1y3Ui8BKigFPB0lw71iwidEj6rGVQkoBpL5lckOJj43RxL1TmScAT9/dEQgKtR4FvOgMCAz1fG5v/1Vox9C69hMsoBibpdFEvFhhCPI4Dd7liFMTIAKGKm79iOiCKUDCh5UwI7vzJi1Avl9yzUvn2PF+5msWRRYfoCBWQiy5QBd2gKqohih7RM3pFb9aT9WK9Wx/T1ow1m9lHf2R9/gAox5Vr</latexit>

dj = d(kj , q)
<latexit sha1_base64="n9hinBOyQcUdyIB3g+21R/Mwjp0=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIESTsRkEvQtCLxwjmAUlYZmdnk0lmH87MCnHJl3jxoIhXP8Wbf+Mk2YMmFjQUVd10d7kxZ1JZ1reRW1ldW9/Ibxa2tnd2i+beflNGiSC0QSIeibaLJeUspA3FFKftWFAcuJy23NHN1G89UiFZFN6rcUx7Ae6HzGcEKy05ZtFzhugKeeWRMzxFDyeOWbIq1gxomdgZKUGGumN+db2IJAENFeFYyo5txaqXYqEY4XRS6CaSxpiMcJ92NA1xQGUvnR0+Qcda8ZAfCV2hQjP190SKAynHgas7A6wGctGbiv95nUT5l72UhXGiaEjmi/yEIxWhaQrIY4ISxceaYCKYvhWRARaYKJ1VQYdgL768TJrVin1Wqd6dl2rXWRx5OIQjKIMNF1CDW6hDAwgk8Ayv8GY8GS/Gu/Exb80Z2cwB/IHx+QNX6JGV</latexit>

d0j = dj/T
<latexit sha1_base64="BQh5h7vmN8Q/ZD3c/ZeY5CyHqyw=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzpTBd0IRTcuK/QF7ThkMmmbNskMSUaoQ/FX3LhQxK3/4c6/MW1noa0HLhzOuZd77wliRpV2nG8rt7S8srqWXy9sbG5t79i7ew0VJRKTOo5YJFsBUoRRQeqaakZasSSIB4w0g+HNxG8+EKloJGp6FBOPo56gXYqRNpJvH4T3aSeWlJOxP4BXMPQHpzXfLjolZwq4SNyMFEGGqm9/dcIIJ5wIjRlSqu06sfZSJDXFjIwLnUSRGOEh6pG2oQJxorx0ev0YHhslhN1ImhIaTtXfEyniSo14YDo50n01703E/7x2oruXXkpFnGgi8GxRN2FQR3ASBQypJFizkSEIS2puhbiPJMLaBFYwIbjzLy+SRrnknpXKd+fFynUWRx4cgiNwAlxwASrgFlRBHWDwCJ7BK3iznqwX6936mLXmrGxmH/yB9fkDjN2UoA==</latexit>

pkNN(yi) =
X

j

1yi=vj
p(kj)

<latexit sha1_base64="5EFpdxiefNCi9kyl2kTV479+dvk=">AAACGHicbVDJSgNBEO1xjXEb9eilMQjxEmeioJdA0IsnUTAmkAlNT6ejnelZ6K4JhmE+w4u/4sWDIl5z82/sLAe3BwWP96qoqucnUmhwnE9rbn5hcWm5sFJcXVvf2LS3tm91nCrGGyyWsWr5VHMpIt4AAZK3EsVp6Eve9IPzsd8ccKVFHN3AMOGdkN5FoicYBSMR+zAhmQf8AbLg8jLPy0MiDnANezoNST9zSWaE2oD086QckP5BTuySU3EmwH+JOyMlNMMVsUdeN2ZpyCNgkmrddp0EOhlVIJjkedFLNU8oC+gdbxsa0ZDrTjZ5LMf7RuniXqxMRYAn6veJjIZaD0PfdIYU7vVvbyz+57VT6J12MhElKfCITRf1UokhxuOUcFcozkAODaFMCXMrZvdUUQYmy6IJwf398l9yW624R5Xq9XGpfjaLo4B20R4qIxedoDq6QFeogRh6RM/oFb1ZT9aL9W59TFvnrNnMDvoBa/QFrfugJw==</latexit>

Test Input Generated 
tokens  Representation Target

J'ai été dans ma propre 
chambre. I have ?

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit> ŷ1:i�1
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Figure 1: An illustration of how the kNN distribution is computed. The datastore, which is con-
structed offline, consists of representations of training set translation contexts and corresponding
target tokens for every example in the parallel data. During generation, the query representation,
conditioned on the test input as well as previously generated tokens, is used to retrieve the k nearest
neighbors from the datastore, along with the corresponding target tokens. The distance from the
query is used to compute a distribution over the retrieved targets after applying a softmax tempera-
ture. This distribution is the final kNN distribution.

diverse domains by simply adding a domain-specific datastore—improving results by an average of
9.2 BLEU over the base model out-of-domain, and even outperforming existing models that train on
these domains. Finally, language-pair-specific datastores are used to adapt a multilingual model to
particular language pairs, with improvements of 3 BLEU for translating English into German and
Chinese. We find that retrievals from kNN-MT are typically highly contextually relevant.

2 NEAREST NEIGHBOR MACHINE TRANSLATION

kNN-MT involves augmenting the decoder of a pre-trained machine translation model with a nearest
neighbor retrieval mechanism, allowing the model direct access to a datastore of cached examples.
The translation is generated word-by-word; at each time step, we find the most similar contexts in
the datastore, and compute a distribution over the corresponding target tokens, as shown in Figure 1.
This distribution is then interpolated with the output distribution from the pre-trained MT model.

More specifically, given an input sequence of tokens in a source language s = (s1, . . . , sM1
), a

neural MT model outputs a sequence of tokens t = (t1, . . . , tM2
) in the target language. When

using autoregressive decoders, the output distribution for each token ti in the target sequence is
conditioned on the entire source sequence as well as the previous target tokens, p(ti|s, t1:i−1). Let
(s, t1:i−1) be the translation context and ti be the target token.

Datastore creation Our datastore is constructed offline and consists of a set of key-value pairs.
The key is a high-dimensional representation of the entire translation context computed by the MT
decoder, f(s, t1:i−1), where f represents a mapping from input to an intermediate representation
of the decoder. The value is the corresponding ground truth target token ti. For a parallel text
collection (S, T ), the representations are generated by a single forward pass over each example and
the complete datastore is defined as follows:

(K,V) = {(f(s, t1:i−1), ti), ∀ti ∈ t | (s, t) ∈ (S, T )} (1)

Tokens from the source language are not stored directly as values in the datastore. Conditioning on
the source is implicit via the keys, and the values are only target language tokens.

Generation At test time, given a source x, the model outputs a distribution over the vocabulary
pMT (yi|x, ŷ1:i−1) for the target yi at every step of generation, where ŷ represents the generated
tokens. The model also outputs the representation f(x, ŷ1:i−1), which is used to query the datastore
for the k nearest neighbors N according to squared-L2 distance, d. In practice, the search over
billions of key-value pairs is carried out using FAISS (Johnson et al., 2017), a library for fast nearest
neighbor search in high-dimensional spaces.

The retrieved set is converted into a distribution over the vocabulary by applying a softmax with
temperature T to the negative distances and aggregating over multiple occurrences of the same vo-
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cabulary item. Using a temperature greater than one flattens the distribution, and prevents overfitting
to the most similar retrievals.

pkNN(yi|x, ŷ1:i−1) ∝
∑

(kj ,vj)∈N
1yi=vj exp

(−d(kj , f(x, ŷ1:i−1))
T

)
(2)

While a pure kNN approach is effective, we improve results by interpolating with the base model
distribution, which is more robust in cases without relevant cached examples. The model and kNN
distributions are interpolated with a tuned parameter λ, resulting in the final kNN-MT distribution:

p(yi|x, ŷ1:i−1) = λ pkNN(yi|x, ŷ1:i−1) + (1− λ) pMT(yi|x, ŷ1:i−1) (3)

The complete translation is generated using beam search.

kNN-MT vs. kNN-LM kNN-MT is a generalization of kNN-LM applied to conditional sequence
generation, with a few important differences. First, the keys are not only conditioned on prior con-
text, but also on the source sequence (here, in a different language). This means that the representa-
tions must encode both source and target context; we show examples in Section 6. Second, there is
an additional tuned parameter, the softmax temperature. Higher temperatures flatten the distribution
and allow for greater diversity without overfitting to the retrieved contexts, as shown in Section 6.

3 EXPERIMENTAL SETUP

We experiment with kNN-MT in three settings: (1) single language-pair translation, (2) multilingual
MT and (3) domain adaptation.

Data We use the following datasets for training and evaluation.

WMT’19: For the single language-pair experiments, we use WMT’19 data for German-English.

CCMATRIX: We train our multilingual model on CCMatrix (Schwenk et al., 2019), containing
parallel data for 79 languages and 1,546 language pairs. The parallel sentences are mined from
cleaned monolingual commoncrawl data created using the ccNet pipeline (Wenzek et al., 2019).
Semantically similar sentences in different languages are aligned using a learned distance measure;
we use examples where the distance measure is at least 1.06, resulting in 4 billion sentence-pairs.

NEWSTEST: The newstest2018 and newstest2019 test sets from WMT (Bojar et al., 2018; Barrault
et al., 2019) are used as validation and test sets for the multilingual experiments. The same German-
English validation and test sets are also used for evaluation in the single language-pair and domain
adaptation experiments.

TED TALKS: We use the Ted Talks data prepared by Qi et al. (2018) for evaluation in the multilingual
setting, particularly to explore performance for language pairs that do no include English.

MULTI-DOMAINS: We use the multi-domains dataset (Koehn & Knowles, 2017), re-split by Aharoni
& Goldberg (2020) for the domain adaptation experiments. It includes German-English parallel data
for train/validation/test sets in five domains: Medical, Law, IT, Koran and Subtitles.

Models For the single language-pair and domain adaptation experiments, we use the WMT’19
German-English news translation task winner (Ng et al., 2019), available via the FAIRSEQ library
(Ott et al., 2019).1 It is a Transformer encoder-decoder model (Vaswani et al., 2017) with 6 layers,
1,024 dimensional representations, 8,192 dimensional feedforward layers and 8 attention heads.
Apart from WMT’19 training data, this model is trained on over 10 billion tokens of backtranslation
data and fine-tuned on newstest test sets from years prior to 2018. In this work, we do not use
ensembles or n-best reranking.

For multilingual MT, we trained a 418M parameter Transformer-based encoder-decoder model on
the CCMatrix data for 100K updates. The model has embedding dimension 1,024, hidden dimen-
sion 4,096, 12 layers in both the encoder and decoder, with 16 attention heads. To balance the

1https://github.com/pytorch/fairseq/tree/master/examples/translation
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training of different language pairs, which have various resource levels, we apply temperature up-
sampling with T = 5 (Arivazhagan et al., 2019). The vocabulary is shared across all languages
and consists of 128K subwords extracted using sentencepiece (Kudo & Richardson, 2018).2 All
results use case-sensitive detokenized BLEU, measured using SACREBLEU (Post, 2018).We pro-
vide the SACREBLEU signatures, along with details on the statistical power of our experiments, in
Appendix C.

kNN-MT In this work, we use a FAISS index to represent the datastore and search for nearest
neighbors. The keys are stored in clusters to speed up search and quantized to 64-bytes for space
efficiency (the full-precision keys are discarded). The index is constructed offline via a single for-
ward pass over every example in the given parallel text collection. We use the 1024-dimensional
representation input to the final layer feedforward network as the key. Building the index involves
a training phase to learn the cluster centroids. We use 5M keys for learning 131K cluster centroids
for the multilingual experiments, and 1M keys for 4K clusters for in-domain data in the domain
adaptation experiments. During inference, we query the datastore for 64 neighbors while searching
32 clusters. The interpolation and softmax temperature parameters are tuned on the validation sets.3

Computational Cost While kNN-MT does not add trainable model parameters, it does add some
computational overhead. The primary cost of building the datastore is a single forward pass over all
examples in the datastore, which is a fraction of the cost for training on the same examples for one
epoch. During inference, retrieving 64 keys from a datastore containing billions of items results in a
generation speed that is two orders of magnitude slower than the base MT system. Generation speed
can be improved by searching fewer clusters, using smaller beams, or querying smaller datastores,
with relatively minor trade-offs in performance, as we will see in Section 5. Developing faster
nearest neighbor search tools remains an active area of research (Guo et al., 2020).

4 EXPERIMENTS

4.1 SINGLE LANGUAGE-PAIR TRANSLATION

To test whether kNN-MT can improve a model’s ability to generalize from its training data, we first
apply it to a state-of-the-art translation model, using a datastore containing only the original training
set. We use a state-of-the-art German-English model as our base MT system, which scores 37.59
BLEU on the newstest2019 test set.4 This is a highly competitive baseline – apart from the WMT’19
training data, the base model has also been trained on over 10 billion tokens of extra backtranslation
data as well as fine-tuned on newstest test sets from previous years. Providing this heavily tuned
base model with a datastore containing about 770M tokens of WMT’19 training data improves
performance by 1.5 BLEU to 39.08, without any additional training. This result shows that even
very strong translation models can be improved with test-time access to training sets.

4.2 MULTILINGUAL MACHINE TRANSLATION

Next, we apply kNN-MT to multilingual machine translation, to measure its ability to add capacity
to a model when using very large training sets. For these experiments, we create datastores using
subsets of the CCMatrix parallel data that the model has been trained on.

Retrieving neighbors from same source language data Here, we build one datastore per
language-pair being tested, using the training examples for that language-pair. Table 1 shows perfor-
mance for the baseline and kNN-MT on 17 language-pairs from newstest2019. Retrieving neighbors
results in up to 3 BLEU improvements for English-German, English-Chinese and Chinese-English,
with an average improvement of 1.4 BLEU across all 17 pairs, without any additional training.

Table 1 also shows the sizes of each of the datastores. Datastore size and the increase in BLEU are
only weakly correlated across languages, though within a language, a larger datastore is decidedly

2Evaluating our model on the recently released OPUS100 (Zhang et al., 2020) corpus improves upon the
result in Zhang et al. (2020) by 0.4 BLEU, suggesting that it is a very strong baseline.

3Code for kNN-MT will be available at https://github.com/urvashik/knnlm.
4The winning system (scoring 40.8 BLEU) extends this model with ensembling and n-best reranking.
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de-en ru-en zh-en ja-en fi-en lt-en de-fr de-cs en-cs
Test set sizes 2,000 2,000 2,000 993 1,996 1,000 1,701 1,997 2,000

Base MT 34.45 36.42 24.23 12.79 25.92 29.59 32.75 21.15 22.78
+kNN-MT 35.74 37.83 27.51 13.14 26.55 29.98 33.68 21.62 23.76
Datastore Size 5.56B 3.80B 1.19B 360M 318M 168M 4.21B 696M 533M

en-de en-ru en-zh en-ja en-fi en-lt fr-de cs-de Avg.
Test set sizes 1,997 1,997 1,997 1,000 1,997 998 1,701 1,997 -

Base MT 36.47 26.28 30.22 21.35 21.37 17.41 26.04 22.78 26.00
+kNN-MT 39.49 27.91 33.63 23.23 22.20 18.25 27.81 23.55 27.40
Datastore Size 6.50B 4.23B 1.13B 433M 375M 204M 3.98B 689M -

Table 1: Multilingual machine translation with kNN-MT. All test sets are from newstest2019, except
ja-en/en-ja which are from newstest2020. Adding kNN-MT increases BLEU scores in all cases,
and by over 3 points for en-de, zh-en and en-zh. Bold scores indicate significant results based on
statistically powered experiments (Card et al., 2020).

Ted Talks Newstest2019 Avg.
de-ja ru-ja uk-ja de-ru de-zh fr-de cs-de de-cs

Test set sizes 4,442 5,090 3,560 4,288 4,349 1,701 1,997 1,997 -

Base MT 10.11 9.69 8.36 17.24 20.48 26.04 22.78 21.15 16.98
+kNN-MT (en-∗) 11.08 10.42 9.64 18.02 21.22 27.85 23.71 21.74 17.96

Datastore Size 433M 433M 433M 4.23B 1.13B 6.50B 6.50B 533M -

Table 2: Adding datastores with English source-side data can improve translation from other lan-
guages by an average of 1 BLEU, suggesting that our representations generalize over different source
langauges. The model’s representations of the source generalize across languages and make cross-
lingual retrieval effective.

better, as shown in Section 5. This suggests that underlying factors, such as the quality of the parallel
data used to populate the datastore, may also factor into the size of the improvements from kNN-MT.

Finally, we also observe that improvements for languages translated into English, on average 1.23
BLEU, are lower than improvements for languages translated from English, on average 1.94 BLEU.
As English is the most frequent language in the base model’s training data, this suggests that kNN-
MT is particularly useful for improving decoders in languages that may be underfit during training.

Retrieving neighbors using English as the source language Here, we construct datastores from
training examples where English is the source language, and the target language is the language
being tested. This setting is useful for rarer language pairs with less bi-text, and is related to pivoting
(Utiyama & Isahara, 2007; Cohn & Lapata, 2007). Table 2 shows that on five pairs from the Ted
Talks data and three from newstest2019, we find that kNN-MT improves performance by 1 BLEU
on average. This result shows that the model’s representations of the source generalize well enough
across languages to make cross-lingual retrieval effective. Further investigation is needed to study
the extent to which multilingual representations from related and unrelated languages can improve
translation performance via kNN-MT.

4.3 DOMAIN ADAPTATION

We also measure the effectiveness of kNN-MT for domain adaptation, in which we use a domain-
specific datastore to adapt the model, without further training. For these experiments, we use the
German-English translation model from Section 4.1 as our base MT system and provide domain-
specific data in the datastores. We also explore the effects of retrieving neighbors from a large
amount of out-of-domain data as well as from a single multi-domain datastore.
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Newstest
2019 Medical Law IT Koran Subtitles Avg.

Test set sizes 2,000 2,000 2,000 2,000 2,000 2,000 -

Aharoni & Goldberg (2020):
one model per domain - 56.5 59.0 43.0 15.9 27.3 40.34
one model for all domains - 53.3 57.2 42.1 20.9 27.6 40.22
best data selection method - 54.8 58.8 43.5 21.8 27.4 41.26

Base MT 37.59 39.91 45.71 37.98 16.30 29.21 33.82
+kNN-MT:

in-domain datastore 39.08 54.35 61.78 45.82 19.45 31.73 42.63
WMT’19 datastore 39.08 40.22 46.74 40.27 17.99 29.23 34.89
all-domains datastore 38.88 54.54 61.11 48.63 19.22 31.70 43.04

Datastore Size (in-domain) 770M 5.70M 18.3M 3.10M 450K 159M -

Table 3: Domain adaptation using kNN-MT. The base MT system is trained on WMT’19 data
which is also treated as the in-domain data for newstest2019. kNN-MT improves the base model by
an average of 9.2 BLEU, without training, to achieve the best reported results on this task.

Domain-specific datastores Table 3 shows the base MT system’s in-domain performance on new-
stest2019, as well as zero-shot transfer to five other domains. kNN-MT significantly outperforms
the base MT system in all settings. For the multi-domains dataset, kNN-MT improves the base MT
model performance by an average of 9.2 BLEU, with improvements as large as 16 BLEU on Law
and 14.5 BLEU on Medical, all without any further training. We also provide scores from Aharoni
& Goldberg (2020) for models trained on in-domain data, those trained on all domains jointly, and
those trained using the best-performing data selection method proposed by the authors. We find that
kNN-MT also outperforms the best reported average on the multi-domains dataset by 1.4 BLEU.

Out-of-domain and multi-domain datastores Table 3 also shows performance for retrieving
neighbors from 770M tokens of WMT’19 data that the model has been trained on. While the average
BLEU for the multi-domain data is 1 point higher, the improvements are much smaller compared
to using in-domain data. This illustrates the value of adding domain-specific data to the datastore
over adding a large amount of arbitrary data. We also measure the effectiveness of building a single
multi-domain datastore containing parallel data from all six settings. Performance on IT improves
by 3 BLEU but scores for the other domains are mostly the same. This shows that kNN-MT is robust
to the presence of out-of-domain examples since retrieving neighbors from a datastore where large
amounts of data is out-of-domain does not hurt performance relative to using only in-domain data.

5 TUNING KNN-MT

We investigate how key hyperparameters affect multilingual kNN-MT on validation data. We pro-
vide validation set BLEU scores as well as hyperparameter choices for our experiments in Ap-
pendix A.

Softmax temperature A softmax temperature is used when estimating the nearest neighbor distri-
bution in order to prevent the model from assigning most of the probability mass to a single neighbor,
thus hurting diversity. Values greater than 1 will flatten the distribution, which can improve kNN-
MT performance. Figure 2 shows that a temperature of 1 results in significantly lower BLEU scores.
For all of our experiments, values of either 10 or 100 prove to be optimal.

Number of neighbors per query In our experiments, we fix the value of k, the number of neigh-
bors retrieved per query, to 64. For a fixed temperature and interpolation parameter, we find that
performance does not improve when retrieving a larger number of neighbors, and in some cases, per-
formance deteriorates. This suggests that retrieving more neighbors can add noise to the sequence
generation process. Figure 2 shows that in some cases, performance improves when retrieving fewer
neighbors, and further gains may be possible by tuning this parameter.
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ways result in improvements.
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Figure 3: Effect of datastore size on the valida-
tion BLEU score for ru-en and en-zh. Perfor-
mance improves monotonically with size but re-
trieval can be slow for datastores containing bil-
lions of tokens. Smaller datastores, which ac-
count for a large fraction of the improvement, can
be used for faster retrieval.

Datastore size Figure 3 shows increasing the size of the datastore improves translation perfor-
mance. However, larger datastores result in slower retrieval, indicating a speed-performance trade-
off. Much of the benefit can be realized with much smaller, and correspondingly faster, datastores.

6 QUALITATIVE ANALYSIS

To better understand kNN-MT, we examine the retrievals for several examples. We use the German-
English model and generate with only the kNN distribution (λ = 1) with beam size 1, retrieving
k = 8 neighbors from the News Commentary and Common Crawl subsets of WMT’19 data.

Figure 4 shows an example from newstest2018 where all the retrieved neighbors map to the same
target, military. Many of the retrieved examples include phrases similar to tamed the military such
as Autorität gegenüber dem Militär, Kontrolle des Militärs and das Militär gezwungen on the source
side and authority over the military, control over the military and forced the military given the local
target side context, but differ sharply in their longer context, often describing different nations and
centuries. We provide additional examples illustrating this point in Appendix B.

Another interesting observation is that kNN, even when not interpolated with the base model, is
able to reconstruct named entities that are split into multiple subword tokens, even if that particular
named entity does not appear in the datastore. One such example is the name Haysom that is split
into subwords Hay and som. The retrieved neighbors for the first subword token include examples
that contain the names Hayes and Haydn, while those for the second include Grissom and Folsom,
showing subword representations are used effectively in the nearest neighbor search.

7 RELATED WORK

Retrieval in Translation Recent work has integrated retrieval of words and phrases into neural
translation, to gain some of the advantages of the previous generation of word- and phrase-based
methods (Brown et al., 1993; Koehn et al., 2003). For example, Zhang et al. (2018) proposed
guiding models by retrieving n-grams and up-weighting the probabilities of retrieved tokens. Tu
et al. (2018) use cache-based models (Grave et al., 2017a;b) to save and retrieve translation histories,
so models can adapt to changing contexts. Compared to these, kNN-MT has several advantages —
for instance, the external datastore only needs to be created once, whereas the cache model requires
constant writes. Further, kNN-MT scales retrieval to orders-of-magnitude larger datastores, while
taking advantage of neural context representations.

Other work has retrieved complete example translation sentences at test time. Nagao (1984) pro-
posed example-based MT for translating sequences by analogy. Before deep learning was widely
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Test Input: Dabei schien es, als habe Erdogan das Militär gezähmt.
Generated tokens: In doing so, it seems as if Erdogan has tamed the

Training Set Translation Context (source and target) Training
Set Target

Context
Probability

Dem charismatischen Minis-
terpräsidenten Recep Tayyip
Erdoğan, der drei aufeinanderfol-
gende Wahlen für sich entscheiden
konnte, ist es gelungen seine
Autorität gegenüber dem Militär
geltend zu machen.

The charismatic prime minister, Re-
cep Tayyip Erdoğan, having won
three consecutive elections, has
been able to exert his authority over
the

military 0.132

Ein bemerkenswerter Fall war die
Ermordung des gemäßigten Pre-
mierministers Inukai Tsuyoshi
im Jahre 1932, die das
Ende jeder wirklichen zivilen
Kontrolle des Militärs markiert.

One notable case was the assas-
sination of moderate Prime Minis-
ter Inukai Tsuyoshi in 1932, which
marked the end of any real civilian
control of the

military 0.130

Sie sind Teil eines Normal-
isierungsprozesses und der Her-
stellung der absoluten zivilen
Kontrolle über das Militär und
bestätigen das Prinzip, dass
niemand über dem Gesetz steht.

They are part of a process of nor-
malization, of the establishment of
absolute civilian control of the

military 0.129

Diese hart formulierte Erklärung
wurde als verschleierte, jedoch un-
missverständliche Warnung ange-
sehen, dass das Militär bereit wäre
einzuschreiten...

That toughly worded statement was
seen as a veiled but unmistakable
warning that the

military 0.123

... ... ... ...

Final kNN distribution: military = 1.0
Final Translation: In doing so, Erdogan seemed to have tamed the military.
Reference: In doing so, it seems as if Erdogan has tamed the military.

Figure 4: Example retrievals using kNN-MT. Not only do the retrievals all correctly predict the
target word military, but the local contexts tend to be semantically related. Both the source and the
three nearest retrievals express the concept of control over the military.

adopted, this approach was extended to identifying portions of the training data that could be a trans-
lation based on edit distance (Doi et al., 2005), matching training examples based on local trigram
contexts (van den Bosch et al., 2007), using phrase-based memories (van Gompel et al., 2010) and
incorporating syntactic features when retrieving similar examples (Stroppa et al., 2007; Haque et al.,
2009). Recently, Gu et al. (2018) proposed a model that retrieves examples similar to the test source
sequence and then attends over this subset of retrieved source-target pairs at the token level, while
generating translations. Bulte & Tezcan (2019) and Xu et al. (2020) use fuzzy-matching with trans-
lation memories and augment source sequences with retrieved source-target pairs. These techniques
face challenges in identifying relevant retrieval candidates, as they focus on sentence-level retrieval.
In contrast, kNN-MT focuses on token level retrieval from billions of key-value pairs, meaning that
each word can retrieve the most relevant examples for its translation.

Finally, various studies have explored retrieving additional information to improve domain adap-
tation, often using lexicons (Hu et al., 2019), domain-adaptive training (Farajian et al., 2017) or
attending over neighbors similar to n-grams in the source (Bapna & Firat, 2019). These modifica-
tions require additional training, whereas kNN-MT provides the flexibility to use different datastores
when decoding in different domains, keeping the model fixed.

Retrieval in Text Generation Retrieval mechanisms have also been applied to generation tasks
more broadly. Weston et al. (2018) and Fan et al. (2020) improve dialogue response generation sys-
tems by retrieving examples and concatenating them to model inputs. Lewis et al. (2020) improve
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open-domain question answering systems by retrieving relevant contexts from Wikipedia and con-
catenating them to the inputs. Hashimoto et al. (2018) use a retrieve-and-edit framework to generate
structured outputs such as code, by jointly training the editor and retriever. For kNN-MT, retrieval
results in a distribution over the vocabulary that is used for generation directly and does not require
further training or providing the retrieval candidates as input.

8 CONCLUSION

We introduced a simple and effective method that can be applied to any neural MT model without
further training. We show that similar contexts in a model’s embedding space are more likely to be
followed by similar next words, allowing the model to be improved by interpolation with a nearest
neighbor classifier. The approach improves a state-of-the-art model in-domain, leads to large gains
out-of-domain, and can specialize a multilingual model for specific language-pairs. Future work
should improve efficiency, for example by down-sampling frequent target words in the datastore.
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de-en ru-en zh-en ja-en fi-en lt-en de-fr de-cs en-cs
Test set sizes 2,998 3,000 3,981 1,998 3,000 2,000 1,512 3,000 2,983

Base MT 38.21 30.51 21.93 14.44 21.50 28.68 28.46 21.97 20.66
+kNN-MT 40.48 32.6 24.49 15.62 22.11 29.41 29.74 23.01 21.79
Datastore Size 5.56B 3.80B 1.19B 360M 318M 168M 4.21B 696M 533M
Interpolation (λ) 0.6 0.5 0.4 0.4 0.2 0.2 0.6 0.4 0.3
Temperature (T ) 10 10 10 10 10 10 100 100 10

en-de en-ru en-zh en-ja en-fi en-lt fr-de cs-de Avg.
Test set sizes 2,998 3,000 3,981 1,998 3,000 2,000 1,512 3,000 -

Base MT 39.07 26.00 32.72 16.31 16.02 21.11 25.16 24.16 25.11
+kNN-MT 42.22 29.52 37.96 18.28 17.22 22.84 26.39 24.5 26.95
Datastore Size 6.50B 4.23B 1.13B 433M 375M 204M 3.98B 689M -
Interpolation (λ) 0.6 0.7 0.7 0.6 0.4 0.4 0.5 0.4 -
Temperature (T ) 100 10 100 10 10 10 10 100 -

Table 4: Multilingual machine translation with kNN-MT on the validation set. We show the the
tuned interpolation parameter (λ) as well as the tuned softmax temperature (T ) for each language
pair.

Newstest
2019 Medical Law IT Koran Subtitles Avg.

Test set sizes 2,000 2,000 2,000 2,000 2,000 2,000 -

Base MT 48.07 39.94 45.78 35.78 16.30 29.74 33.51
+kNN-MT:

in-domain datastore 48.57 53.12 61.58 42.41 19.67 32.28 41.81

Datastore Size (in-domain) 770M 5.70M 18.3M 3.10M 450K 159M -
Interpolation (λ) 0.4 0.8 0.8 0.7 0.8 0.7 -
Temperature (T ) 100 10 10 10 100 10 -

Table 5: Domain adaptation using kNN-MT on the multi-domains validation data and newstest2018.
The base MT system is trained on WMT’19 data which is also treated as the in-domain data for
newstest2018. We present the interpolation (λ) and softmax temperature (T ) hyperparameter choices
for each domain.

A HYPERPARAMETER TUNING

In this section, we present validation set results as well as the hyperparameter choices for the mul-
tilingual machine translation and domain adaptation experiments. Only two hyperparameters have
been tuned on the validation sets, the interpolation parameter λ and the softmax temperature T . The
number of neighbors k has been fixed to 64, the number of clusters searched has been set to 32
and the beam size has been set to 5. For the number of clusters in the FAISS index, preliminary
experiments showed that for larger datastores, while using more clusters does not hurt performance,
it does significantly speed up the search process since searching within the clusters is exhaustive.
Hence, we use 131K clusters for the multilingual experiments.

Table 4 shows the validation set BLEU scores for the multilingual experiments as well as the hyper-
parameter choices, and Table 5 shows the same for the domain adaptation experiments using only
the in-domain datastores. Values for the interpolation parameter lie between 0 and 1. We also note
that for a fixed value of λ = 0.5, using kNN-MT either performs similarly to or improves the base
MT model’s performance, but never hurts, on validation sets across the 17 language pairs evaluated
in Section 4.2. For the temperature, we find that values of either 10 or 100 are optimal for all of our
experiments.
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Test Input: Aber in Papua hat sich wenig verändert, und heute fühlen sich die Einheimischen betrogen.
Generated tokens: But not much has

Training Set Translation Context Training Set Target Context
Probability

Nach einem schwer umkämpften
Wahlkampf , der deutlich über zwei
Milliarden Dollar kostete, sieht es für
viele Beobachter aus, als hätte sich in
der amerikanischen Politik nicht viel
geändert...

After a hard-fought elec-
tion campaign, costing well
in excess of $2 billion, it
seems to many observers
that not much has

changed 0.143

Geändert freilich hat sich wenig: Schlecht
gehandhabte Kriege...

But not much has changed 0.137

Kaum etwas hat sich verändert , außer
dass es jetzt nicht mehr die Bewohner des
Appartement-Gebäudes...

Not much has changed 0.130

Es ist zwar richtig, dass sich seit dem
Ausbruch der globalen Finanzkrise
vor über vier Jahren und der schon
2010 verabschiedeten Dodd-Frank-
Finanzmarkreformen in den Vereinigten
Staaten kaum etwas daran geändert hat...

True, while the global fi-
nancial crisis erupted more
than four years ago, and
the Dodd-Frank financial
reforms were adopted in the
United States back in 2010,
not much has

changed 0.121

... ... ...

Final kNN distribution: changed = 1.0
Final Translation: But not much has changed in Papua, and locals feel betrayed today.
Reference: But precious little has changed in Papua, and today local people feel betrayed.

Figure 5: An example where kNN-MT retrieves the same target token, changed, across all the
neighbors. It matches local contexts on both the source and target sides, but not the global context
regarding Papua.

B ADDITIONAL EXAMPLES

Figure 5 further illustrates the behavior of kNN-MT using local contexts in both the source and
target to retrieve nearest neighbors. Figure 6 shows a case where the model has very little target-side
prior context and mainly relies on the source context to retrieve the best neighbors.

C BLEU SCORES

In this paper, all results use case-sensitive detokenized BLEU, measured using SACREBLEU (Post,
2018), with the following signatures:
General: BLEU+case.mixed+numrefs.1+smooth.exp+tok.13a+version.1.4.13
For chinese: BLEU+case.mixed+numrefs.1+smooth.exp+tok.zh+version.1.4.13
For japanese:
BLEU+case.mixed+numrefs.1+smooth.exp+tok.ja-mecab-0.996-IPA+version.1.4.13

For Table 1 and other experiments, we follow advice from Card et al. (2020) regarding the statisti-
cal power of machine translation experiments given the improvements in BLEU scores and the size
of the dataset. The authors present results for a single language pair and we verify that their as-
sumptions hold for a couple of other language pairs. Specifically, we find that for Chinese-English
P0 = 0.13 and b0 = 12, and for English-Chinese P0 = 0.07 and b0 = 16. This indicates that
these experiments, with the test sets containing about 2,000 examples, have close to 100% power
which was verified using the notebooks provided by Card et al. (2020). We refer the reader to the
original paper for more details. More generally, experiments on datasets which contain about 2,000
examples, with improvements of about 1 BLEU or higher, are statistically powered.
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Test Input: Wir werden das Beste tun, mit dem, was wir haben.
Generated tokens: We

Training Set Translation Context (source and target) Training
Set Target

Context
Probability

Wir werden versuchen zu beweisen, dass die
Vermutung falsch ist, dies zu tun, nur um ein
Gegenbeispiel Leinwände, dass die Aussage
falsch ist, zu finden.

We will 0.145

Allerdings, wenn man sich diese große Na-
tion, wird diese Nation aussehen zu weit, und
wir werden das tun, was wichtig und wertvoll,
Identity Wiederherstellen der Nation.

However, if you look
at this great nation,
this nation will look too
wide and we

will 0.132

Wir werden alles tun, um die Dinge für die
Anfänger sehr einfach zu machen, während wir
es den Experten erlauben, Dinge zu verändern,
falls sie wollen.

We will 0.127

“Wir werden ihre Fälle und die Fälle anderer
politischer Gefangener vor die Gerichte brin-
gen und das falsche Bild zerstören...

“We are 0.127

... ... ... ...

Final kNN distribution: will = 0.639, are = 0.238, intend= 0.123
Final Translation: We will do the best we can with what we have.
Reference: We’ll do the best we can with what we got.

Figure 6: An example where the model has access to a very short amount of target-side context that
is ambiguous. kNN-MT is able to rely on source context to resolve this and generate the correct
target token, will.
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