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Language Models 

Given a sequence of words x(1), x(2),… , x(n), compute the probability
distribution of the next word x(n+1):

𝑃 x(n+1) x(n),… , x(1)

where x (n+1)  can be any word from a given vocabulary.

Language model is a probability distribution over sequences of words with language 
modelling being the task of predicting what word comes next.
• Formal definition:

• Areas of application: language generation, 
error correction, translation



Multilingual Language Models

• A single model is trained on a mixed dataset from multiple languages.

• Current multilingual language models are trained on as many as 100 or 200 
languages!
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Contextualised Embeddings

Pre-trained language models can be used to create contextualised word embeddings.
• Word embeddings: vector representation of a word in a vocabulary
• Encoding: mapping an input sequence to a sequence of continuous representations

The output of each 
encoder layer along each 
token’s path can be used as 
a feature representing that 
token.



Success of Multilingual Language Models

• Multilingual pre-trained models display an impressive ability to transfer 
knowledge between languages as well as to perform zero-shot learning!

What is it about the multilingual language models that enables these results? 



Typology of Languages

Linguistic Typology: is a subfield of linguistics that studies and classifies languages 
according to their structural features.

Subfields of linguistic typology:

• Morphological: study of the formation 
and internal structure of words

• Morphosyntactic: relationship between 
syntax and morphology

• Word Order



Typology of Languages

• Languages build families and 
genera based on their relatedness

• The world’s languages share 
universal features at a deep level

• Linguistic universal: Nearly all 
languages of the world make a 
distinction between nouns and 
verbs



Typological Databases

Universal Dependencies: a framework for 
consistent annotation of grammar across 
languages. It includes dependencies, part-
of-speech tags, and the morphosyntactic 
tagsets.

Penn Treebanks: project which has 
produced approximately 7 million 
words of part-of-speech tagged text, 3 
million words of skeletally parsed text!



Probing for Typology

Probing: An analysis field that aims to 
decipher what the representations know

• Train a supervised classifier to 
recover a linguistic property from a 
neural net

• High performance suggests that a 
property is encoded in the 
representation



Extrinsic vs Intrinsic Probing

Extrinsic probes
Layer-level resolution
How good is layer X at encoding Y?

Does reprsentation X encode Y?

Intrinsic probes
Neuron-level resolution
How dispersed is information of 
Y  in representation X?



Intrinsic Probing

In intrinsic probing, our goal is to 
find the size 𝑘 subset of neurons 
𝐶 ⊆ 𝐷, which are most informative 
about the property 𝜋 of interest 
given a representation vector    .   

Probe parameters

Representations we 
are probing
E.g., embedding for 
tokens “esponja”, 
“estrellas”, etc.

Value of some property of 
interest
E.g., for “Number”, this can 
be either Singular or Plural 
in Spanish

Selected 
dimensions



Application Areas of Intrinsic Probing

Identifying individual neurons responsible for encoding linguistic features of 
interest has previously been shown:

• to increase model transparency (Bau et al., 2019)

• to mitigate potential biases (Vig et al., 2020) 

• in controllable text generation (Bau et al., 2019)

• to analyse linguistic capabilities of language models (Lakretz et al., 2019)



Most Informative Neurons wrt Typology
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■• Our hypothesis: multilingual language 

models implicitly align 
morphosyntactic information that 
fulfils a similar grammatical function 
across languages (such as gender for 
nouns and mood for verbs)

• Overlap of sub-words between 
cognates in related languages plays a 
role in the process of multilingual 
generalisation



Overlap in Most Informative Neurons

≈ 20% of neurons among the top-50 most 
informative ones overlap on average, but 
this number may vary dramatically across 
categories! 



Morphosyntactic Categories I

While significant overlap is accentuated in 
categories such as comparison, polarity, and 
number, neurons for categories such as mood, 
aspect, and case are shared by only a handful 
of language pairs. 

This finding may be partially explained by the 
different number of values each category can 
take.
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Morphosyntactic Categories II

Generally negative correlation between 
neuron overlap and number of 
morphosyntactic categories — prominent 
exceptions being number and person.

As the inventory of values of a category 
grows, cross-lingual alignment becomes 
harder. 



Challenges of Multilinguality

• Data distribution across languages is highly imbalanced!

• Upsampling low resource languages?

• How to evaluate a multilingual language model?



Curse of Multilinguality

• A trade-off between supporting more 
languages and obtaining better 
performance on a smaller set of languages.

• Performance drops as more languages are 
added to the model.

• Recent approaches to mitigate this issue.



Overall Take-Aways I

• Need in NLP to reflect the multilinguality in the world.

• Multilingual language models are able to perform cross-lingual generalisation 
surprisingly well.

• It remains unclear how pre-trained models actually manage to learn multilingual 
representations.



Overall Take-Aways II

• Probing offers a way to understand the grammatical knowledge a language 
model encodes. 

• Pre-trained multilingual language models employ the same subset of neurons to 
encode the same morphosyntactic information.

• NLP is fun:
• Introduction to NLP: 5100-B1-1E22
• Fair and Transparent Machine Learning Methods: NDAK22005U



Resources

Papers:

• How Multilingual is Multilingual BERT?

• Investigating Gender Bias in Language Models Using Causal Mediation Analysis

• Modeling Language Variation and Universals: A Survey on Typological Linguistics for Natural Language 
Processing

• Probing Pretrained Language Models for Lexical Semantics

• Same Neurons, Different Languages: Probing Morphosyntax in Multilingual Pre-trained Models

• The emergence of number and syntax units in LSTM language models

• Understanding the role of individual units in a deep neural network

• Unsupervised Cross-lingual Representation Learning at Scale

CMU CS Class:

• Multilingual Natural Language Processing
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