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Recent Success of Neural Machine Translation
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Machine Translation, ~3M parallel sentences [Cho et al. 2014; Devlin et al. 2014]

35         45



Neural Machine Translation is Data Hungry
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Source Target Corpora size BLEU Scores
English
 French
 ~3M ~40

English
 German ~1.92M ~35

Finnish English ~1.96M ~34

Romanian English ~400K
 ~30


Figure from [Gu et al. 18]

WMT ’16-19, Europarl Parallel Corpus



Typical Pipeline of Multilingual Machine Translation
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• Separate MT systems: Hard to maintain all systems


• Pivot methods: src-to-pivot & pivot-to-tgt translations

Machine Translation 
SystemEnglish Japanese

Machine Translation 
SystemJapanese Korean

Machine Translation 
System

English

Japanese

Machine Translation 
System

Korean

Machine translation by triangulation: Making effective use of multi-parallel corpora, [Cohn et al 07]



Cross-Lingual Representations by Neural Models

5

• Language similarity: similar words, grammar, order.


• Shared space: learning word/sentence 
representations jointly

Photo credit: https://ai.googleblog.com/2016/11/zero-shot-translation-with-googles.html

https://ai.googleblog.com/2016/11/zero-shot-translation-with-googles.html
https://ai.googleblog.com/2016/11/zero-shot-translation-with-googles.html


Why Universal Machine Translation (UMT)?
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• Single model: many-to-one, one-to-many


• Zero-shot translation: improve low-resource translation

Johnson et al. Google's Multilingual Neural Machine Translation System: Enabling Zero-Shot Translation, TACL 2017. 



Recent Advances of UMT
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• Language coverage: 100+ languages in Google’s M4

• Web-mined data: 25 billion examples

• Quality: +5 BLEU score over all 100+ languages

Massively Multilingual Neural Machine Translation in the Wild: Findings and Challenges [Arivazhagan et al. 19]



Challenge: Theoretical Understanding of UMT
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Universal Machine 
Translation System English

Japanese

Korean

German

Quality?
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Despite the empirical success, theoretical understanding 
is only nascent

- Translation Error: Is there a performance limit even 

with unlimited amount of computation & data


- Sample Complexity: How many language pairs are 
required to train UMT?



9

Challenge: Theoretical Understanding of UMT
Despite the empirical success, theoretical understanding 
is only nascent

- Translation Error: Is there a performance limit even with 

unlimited amount of computation & data

- Without assumption on the parallel corpus used for 

training, at least one translation task has to incur a large 
error


- Sample Complexity: How many language pairs are 
required to train UMT?

- Under an encoder-decoder generative assumption of the 

data, a linear number of translation pairs suffice for the 
purpose of UMT
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A Theoretical Model for UMT
Let  = {English, French, German, Chinese, …} be the set 
of all languages of interest. 


L

<latexit sha1_base64="gaMAO8DAHMT2nFMgCFeqTPWjdIc="></latexit>

Universal Machine 
Translation System English

Japanese

Korean

German

- For each , we associate with  an alphabet 


- A sentence  in  is a sequence of symbols from , i.e., 


- For a pair of languages , we use  to denote the joint 
distribution over the parallel sentence pairs from  and 

L 2 L

<latexit sha1_base64="/w5X5/Y7Se7haLNopy0fTFqXTz8="></latexit>

L

<latexit sha1_base64="18BeHsLdGRTo0O8xGFQ7mdRaKwo="></latexit>

⌃L

<latexit sha1_base64="T8O8MJ2d0LufCXm0Mz23JQDtt8g="></latexit>

x

<latexit sha1_base64="xokxaJ2R3UiMM52W3XVi0Ev6i50="></latexit>

L

<latexit sha1_base64="18BeHsLdGRTo0O8xGFQ7mdRaKwo="></latexit>

⌃L

<latexit sha1_base64="T8O8MJ2d0LufCXm0Mz23JQDtt8g="></latexit>

x 2 ⌃⇤
L

<latexit sha1_base64="CZ4E5nIeTEFLuWLpSdO0kAAzUzY="></latexit>

L,L0

<latexit sha1_base64="3xHDbp4IJ5Q6RUPPFC7jGDx2duw="></latexit>

DL,L0

<latexit sha1_base64="9rqCRvDEFBiwJR7JK5Er8SuyPzk="></latexit>

L

<latexit sha1_base64="18BeHsLdGRTo0O8xGFQ7mdRaKwo="></latexit>

L0

<latexit sha1_base64="uqy3LEQkjtUJmR/G/XLOgNTJKdM="></latexit>
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A Theoretical Model for UMT
Problem Setting:

- For each pair of languages , there exists a true translator  

- Given a translator  from  to , we use the 0-1 loss to measure the 
translation quality w.r.t. the true translator:


where  iff . 


L,L0

<latexit sha1_base64="bXv1nzTCV2pPj7hl6uaj7/i2jFQ="></latexit>

f

<latexit sha1_base64="6jfk7SNbIPHGrL+5OI6qf6I5RpY="></latexit>

L

<latexit sha1_base64="eKyw3Wpq6A8vgpY0MW9Qwf2++UI="></latexit>

L0

<latexit sha1_base64="2kj6QfbwUOBqbuPSEzdQ9obVoLI="></latexit>

`(x, x0) = 0

<latexit sha1_base64="RucSmKYAGQP8AUPaQrTmKGdBD+U="></latexit>

x = x0

<latexit sha1_base64="b3zgNqTJ5Nd3gmJQRNba1octzEs="></latexit>

f⇤
L!L0 : ⌃⇤

L ! ⌃⇤
L0

<latexit sha1_base64="WMJd2lWoSoHTVscaEydPARPalkM="></latexit>

ErrL!L0

D (f) := ED[`(f(X), f⇤
L!L0(X))]

<latexit sha1_base64="tY9o26Q25vdcGVB4oHRx6NbWh34="></latexit>

There exists a perfect translator that translates input sentence from 
any language to a target language L:

f⇤
L(x) =

X

L02L
I(x 2 ⌃⇤

L0) · f⇤
L0!L(x)

<latexit sha1_base64="cbzdC1z8Pda7eejWsrRZJHeI25M="></latexit>

Can we recover the perfect translator through UMT?
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Universal Machine Translation
Universal Language Mapping:


A function mapping                              is called universal if 
g :
[

i2[K]

⌃⇤
Li

! Z

<latexit sha1_base64="jtSJh82CKJFHGZQqBLHyu/3N6Eg="></latexit>

g]Di = g]Dj , 8i 6= j

<latexit sha1_base64="YXLErsF+Hfp2Fkny8MP62HVt1f8="></latexit>

Different languages have the same distribution under representation Z
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An Impossibility Theorem
A simple warm-up (Two-to-One):


Theorem (informal): Consider a restricted setting of universal machine 
translation task with two source languages and one target language. If  is 
a universal language mapping, then for any decoder                    , 

g

<latexit sha1_base64="Ag9NOwIWo70uYPASRbNjrsUZc68="></latexit>

h : Z ! ⌃⇤
L

<latexit sha1_base64="VOmZ2vPFnQPJJSbSkTn5LBaUbiY="></latexit>

ErrL0!L
D0

(h � g) + ErrL1!L
D1

(h � g) � dTV(DL0,L(L),DL1,L(L)).

<latexit sha1_base64="8ZomDZKxHK+uKmrKOUj2zu6qyns="></latexit>

Distance between sentence 
distributions over L

<latexit sha1_base64="SoZ+LslvdIUvhj+Kq4TL8PRJoRM="></latexit>

Translation errors from  to L0, L1

<latexit sha1_base64="ARGmJKtS0keTYZIXBIh2RMyqV/w="></latexit>

L

<latexit sha1_base64="SoZ+LslvdIUvhj+Kq4TL8PRJoRM="></latexit>

Uncertainty Principle: UMT has to make a large error 
on at least one translation task
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An Impossibility Theorem
A simple warm-up (Two-to-One):


Theorem (informal): Consider a restricted setting of universal machine 
translation task with two source languages and one target language. If  is 
a universal language mapping, then for any decoder                    , 

g

<latexit sha1_base64="Ag9NOwIWo70uYPASRbNjrsUZc68="></latexit>

h : Z ! ⌃⇤
L

<latexit sha1_base64="VOmZ2vPFnQPJJSbSkTn5LBaUbiY="></latexit>

ErrL0!L
D0

(h � g) + ErrL1!L
D1

(h � g) � dTV(DL0,L(L),DL1,L(L)).

<latexit sha1_base64="8ZomDZKxHK+uKmrKOUj2zu6qyns="></latexit>

Distance between sentence 
distributions over L

<latexit sha1_base64="SoZ+LslvdIUvhj+Kq4TL8PRJoRM="></latexit>

Translation errors from  to L0, L1

<latexit sha1_base64="ARGmJKtS0keTYZIXBIh2RMyqV/w="></latexit>

L

<latexit sha1_base64="SoZ+LslvdIUvhj+Kq4TL8PRJoRM="></latexit>

- This is an information-theoretic lower bound, i.e., algorithm-independent

- The theorem still holds even if we use different encoders for different 

languages, but wouldn’t hold any more if we use target-dependent 
decoder!


- The lower bound gets larger whenever target data are dissimilar between 
different translation tasks
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An Impossibility Theorem
In general (Many-to-One):


Maximum Translation Error:


Average Translation Error:

L1

L2

L5

L4

L3

L

Err
L1!L
D1

Err
L2!L
D2

Err
L5!L
D5

Err
L4!L
D4

Err
L3!L
D3

G =

max
i2[K]

ErrLi!L
Di

(h � g) � 1

2
max
i 6=j

E(i, j)

<latexit sha1_base64="yJVtIMvmrB/jIoDw0UoZpuee7tY="></latexit>

1

K

X

i2[K]

ErrLi!L
Di

(h � g) � 1

K(K � 1)

X

i<j

E(i, j)

<latexit sha1_base64="dBOgeBSZCNMJKGj/X7EjYMMBlJo="></latexit>

E(i, j) := dTV(DLi,L(L),DLj ,L(L))

<latexit sha1_base64="Gjp2mJlwkn9JB+3ll+CHTbR3TBw="></latexit>

 measures how different two translation 
tasks are:
E(i, j)

<latexit sha1_base64="t4uSYjy6smRSPAZ+9Z3TFr6k22c="></latexit>
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A Generative Model of UMT
The impossibility theorem holds in the worst case without any assumption 
on the data generating distribution of parallel corpus. What if we assume 
an encoder-decoder generative process? 


· · ·

<latexit sha1_base64="RgJS2/fkHNO8ZVB6p+WimtYGw+A="></latexit>

L0

<latexit sha1_base64="p+zgVHZdhfBBRzbhKMT912rjbfE="></latexit>

E0

<latexit sha1_base64="iWWkrAOs6x5lOOqaEkgKx17fmdM="></latexit>

D0

<latexit sha1_base64="ZTot4D6QTuURmbFcSETjchFHOn4="></latexit>

L1

<latexit sha1_base64="TlmBtWJ0pvrt7ZTDgngFL22NqUA="></latexit>

E1

<latexit sha1_base64="NOEYY0vViegnFWr7Gzf9b2cFolI="></latexit>

D1

<latexit sha1_base64="ngogVpMrmfumJz3stwEBTqpPDkg="></latexit>

L2

<latexit sha1_base64="ACAmcMVZ3Tb+I8CUnOwJ/ciolNs="></latexit>

E2

<latexit sha1_base64="fBy1UfNpo9gEgouHA1/VdfGU8Hs="></latexit>

D2

<latexit sha1_base64="VozjWCRcfVZw6PCUtffb2BClkIY="></latexit>

LK

<latexit sha1_base64="9XT/8w3DIduuh9fS3Oe6XTGPzMc="></latexit>

EK

<latexit sha1_base64="ylLviHlOEmDZJWzDS93rL5VEmJM="></latexit>

DK

<latexit sha1_base64="wpcj6217NuzCZQodLhEjXHyINFQ="></latexit>

We assume that Ek 2 GLd(R), Dk = E�1
k , 8k 2 [K]

<latexit sha1_base64="zSU8fCSFLpFIcK3Z+s+4HGEJyUY="></latexit>

Z =

<latexit sha1_base64="BLxSdiz+fsPeIcDCMdr5IodKqqI="></latexit>

Representation Space D(Z)

<latexit sha1_base64="4L3164S/oBMDeHvKm7VPAzdnyvg="></latexit>



17

A Generative Model of UMT
Why this assumption on data generative process helps?


· · ·

<latexit sha1_base64="RgJS2/fkHNO8ZVB6p+WimtYGw+A="></latexit>

L0

<latexit sha1_base64="p+zgVHZdhfBBRzbhKMT912rjbfE="></latexit>

E0

<latexit sha1_base64="iWWkrAOs6x5lOOqaEkgKx17fmdM="></latexit>

D0

<latexit sha1_base64="ZTot4D6QTuURmbFcSETjchFHOn4="></latexit>

L1

<latexit sha1_base64="TlmBtWJ0pvrt7ZTDgngFL22NqUA="></latexit>

E1

<latexit sha1_base64="NOEYY0vViegnFWr7Gzf9b2cFolI="></latexit>

D1

<latexit sha1_base64="ngogVpMrmfumJz3stwEBTqpPDkg="></latexit>

L2

<latexit sha1_base64="ACAmcMVZ3Tb+I8CUnOwJ/ciolNs="></latexit>

E2

<latexit sha1_base64="fBy1UfNpo9gEgouHA1/VdfGU8Hs="></latexit>

D2

<latexit sha1_base64="VozjWCRcfVZw6PCUtffb2BClkIY="></latexit>

LK

<latexit sha1_base64="9XT/8w3DIduuh9fS3Oe6XTGPzMc="></latexit>

EK

<latexit sha1_base64="ylLviHlOEmDZJWzDS93rL5VEmJM="></latexit>

DK

<latexit sha1_base64="wpcj6217NuzCZQodLhEjXHyINFQ="></latexit>

Z =

<latexit sha1_base64="BLxSdiz+fsPeIcDCMdr5IodKqqI="></latexit>

Representation Space D(Z)

<latexit sha1_base64="4L3164S/oBMDeHvKm7VPAzdnyvg="></latexit>

8i, j 2 [K], ErrLi!L
Di

(h � g) + Err
Lj!L
Dj

(h � g) � dTV

�
DLi,L(L),DLj ,L(L)

�
= 0

<latexit sha1_base64="RMeBsg1DSWHWoNPczr/GNyv1VR0=">AAAFb3ichVRbaxNBFN7YRmu8tfrggyCDpdBgKIkUVLBQ0ELEPtTaG2ZjmJ09m0w6O7OZmW0uy/wAX/XX+TP8AYKzSUqSCdYDy54933fON5dzNkgYVbpa/VW4tbJavH1n7W7p3v0HDx+tbzw+UyKVBE6JYEJeBFgBoxxONdUMLhIJOA4YnAeX73P8/AqkooKf6GECzRi3OY0owdqGWut//EhIzBiiFdT1KW98alb8XopDXyQgsR </latexit>

The lower bound still holds, but it gracefully reduces to 0 under this

encoder-decoder assumption on data generative process.
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How Many Language Pairs Suffices?
Naively, one might think we need  language pairs, one for each pair. 
⌦(K2)

<latexit sha1_base64="WXN2A3JJ3jmNDKd6g98uGtiuaIs="></latexit>

L0

<latexit sha1_base64="p+zgVHZdhfBBRzbhKMT912rjbfE="></latexit>

L1

<latexit sha1_base64="TlmBtWJ0pvrt7ZTDgngFL22NqUA="></latexit>

L2

<latexit sha1_base64="ACAmcMVZ3Tb+I8CUnOwJ/ciolNs="></latexit>

LK

<latexit sha1_base64="9XT/8w3DIduuh9fS3Oe6XTGPzMc="></latexit>

Our result: under some mild assumptions, only a linear number  of 
translation pairs suffices!


O(K)

<latexit sha1_base64="UzG6aFZOrJvXXhxk2deYGZXfoXc="></latexit>

Translation Graph: 

- Each node = a language

- Two nodes are connected if we see the corresponding translation pair

-  is assumed to be connected: we need to see every language at 

least once

- The diameter of  is bounded by 

H

<latexit sha1_base64="hR7hD6fMPPxHPzEkUya7nxpCseQ="></latexit>

H

<latexit sha1_base64="sxWZCli64YA1+n+ZEd53oqfNT5w="></latexit>

H

<latexit sha1_base64="sxWZCli64YA1+n+ZEd53oqfNT5w="></latexit>

K

<latexit sha1_base64="vuODZ/vcSK+p8CbUGe5Q6CdNhhA="></latexit>
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How Many Language Pairs Suffices?
Translation Graph: 

- Each node = a language

- Two nodes are connected if we see the corresponding translation pair

-  is assumed to be connected: we need to see every language at least 

once

- The diameter of  is bounded by 


H

<latexit sha1_base64="hR7hD6fMPPxHPzEkUya7nxpCseQ="></latexit>

H

<latexit sha1_base64="sxWZCli64YA1+n+ZEd53oqfNT5w="></latexit>

H

<latexit sha1_base64="sxWZCli64YA1+n+ZEd53oqfNT5w="></latexit>

K

<latexit sha1_base64="vuODZ/vcSK+p8CbUGe5Q6CdNhhA="></latexit>

L0

<latexit sha1_base64="p+zgVHZdhfBBRzbhKMT912rjbfE="></latexit>

L1

<latexit sha1_base64="TlmBtWJ0pvrt7ZTDgngFL22NqUA="></latexit>

L2

<latexit sha1_base64="ACAmcMVZ3Tb+I8CUnOwJ/ciolNs="></latexit>

LK

<latexit sha1_base64="9XT/8w3DIduuh9fS3Oe6XTGPzMc="></latexit>

diam(H)

<latexit sha1_base64="yCiqCvmOdRWC5VyESTZbf7178uw="></latexit>

Li, Lj

<latexit sha1_base64="bFNGsQWS2kbPCIch1L9+HgxwsCk="></latexit>

"(Êi, Êj)  ⇢ · diam(H) · ✏2

<latexit sha1_base64="/1MJg/gVssPUnnqg9oQaRouESOE="></latexit>

Theorem (informal): Let                be the diameter of the translation graph 
, then for any pair of language           , the translation error has the 

following upper bound:
H

<latexit sha1_base64="sxWZCli64YA1+n+ZEd53oqfNT5w="></latexit>
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How Many Language Pairs Suffices?
diam(H)

<latexit sha1_base64="yCiqCvmOdRWC5VyESTZbf7178uw="></latexit>

Li, Lj

<latexit sha1_base64="bFNGsQWS2kbPCIch1L9+HgxwsCk="></latexit>

"(Êi, Êj)  ⇢ · diam(H) · ✏2

<latexit sha1_base64="/1MJg/gVssPUnnqg9oQaRouESOE="></latexit>

Theorem (informal): Let                be the diameter of the translation graph 
, then for any pair of language           , the translation error has the 

following upper bound:
H

<latexit sha1_base64="sxWZCli64YA1+n+ZEd53oqfNT5w="></latexit>

-  is measured w.r.t. the ground truth encoder-decoder

-  is the Lipschitz-constant of the ground truth encoder and decoder

-  is the maximum error on each seen translation pair

- For a specified translation error , a corpora containing  parallel 

sentences suffices

"(Êi, Êj)

<latexit sha1_base64="peF1VP8wCwWZkFGknVScEM0gXvM="></latexit>

⇢

<latexit sha1_base64="UGE0MJP5lpRaUM6CaZT2tU1fevw="></latexit>

✏

<latexit sha1_base64="3N6JG3wXsGIm/UkwaqaN9FUL5Bk="></latexit>

✏

<latexit sha1_base64="3N6JG3wXsGIm/UkwaqaN9FUL5Bk="></latexit>

O(1/✏2)

<latexit sha1_base64="biewSXktibygHKwDGmUlfD4HJvY="></latexit>

L0

<latexit sha1_base64="p+zgVHZdhfBBRzbhKMT912rjbfE="></latexit>

L1

<latexit sha1_base64="TlmBtWJ0pvrt7ZTDgngFL22NqUA="></latexit>

L2

<latexit sha1_base64="ACAmcMVZ3Tb+I8CUnOwJ/ciolNs="></latexit>

LK

<latexit sha1_base64="9XT/8w3DIduuh9fS3Oe6XTGPzMc="></latexit>

 ✏

<latexit sha1_base64="yyYO3oCyQfDzM5L5OK56rUJrCXA="></latexit>

 ✏

<latexit sha1_base64="yyYO3oCyQfDzM5L5OK56rUJrCXA="></latexit>

 ✏

<latexit sha1_base64="yyYO3oCyQfDzM5L5OK56rUJrCXA="></latexit>

We use a epsilon-net argument 

to prove this result
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Summary

diam(H)

<latexit sha1_base64="yCiqCvmOdRWC5VyESTZbf7178uw="></latexit>

Li, Lj

<latexit sha1_base64="bFNGsQWS2kbPCIch1L9+HgxwsCk="></latexit>

"(Êi, Êj)  ⇢ · diam(H) · ✏2

<latexit sha1_base64="/1MJg/gVssPUnnqg9oQaRouESOE="></latexit>

Theorem (informal): Let                be the diameter of the translation graph , then for 
any pair of language           , the translation error has the following upper bound:

H

<latexit sha1_base64="sxWZCli64YA1+n+ZEd53oqfNT5w="></latexit>

L0

<latexit sha1_base64="p+zgVHZdhfBBRzbhKMT912rjbfE="></latexit>

L1

<latexit sha1_base64="TlmBtWJ0pvrt7ZTDgngFL22NqUA="></latexit>

L2

<latexit sha1_base64="ACAmcMVZ3Tb+I8CUnOwJ/ciolNs="></latexit>

LK

<latexit sha1_base64="9XT/8w3DIduuh9fS3Oe6XTGPzMc="></latexit>

 ✏

<latexit sha1_base64="yyYO3oCyQfDzM5L5OK56rUJrCXA="></latexit>

 ✏

<latexit sha1_base64="yyYO3oCyQfDzM5L5OK56rUJrCXA="></latexit>

 ✏

<latexit sha1_base64="yyYO3oCyQfDzM5L5OK56rUJrCXA="></latexit>

Theorem (informal): Consider a restricted setting of universal machine 

translation task with two source languages and one target language. If  is a universal 
language mapping, then for any decoder                      , 

g

<latexit sha1_base64="Ag9NOwIWo70uYPASRbNjrsUZc68="></latexit>

h : Z ! ⌃⇤
L

<latexit sha1_base64="VOmZ2vPFnQPJJSbSkTn5LBaUbiY="></latexit>

ErrL0!L
D0

(h � g) + ErrL1!L
D1

(h � g) � dTV(DL0,L(L),DL1,L(L)).

<latexit sha1_base64="8ZomDZKxHK+uKmrKOUj2zu6qyns="></latexit>

Without data generating assumption: An Impossibility Theorem, 

UMT has to incur a large error on at least one translation pair.

With a natural data generating assumption: 

Linear number of translation pairs suffices!


