
Modeling Registerial Developments with 
Information Theory: Variation and Change in 
300 Years of Scientific Written English

PD Dr. Stefania Degaetano-Ortlieb

Saarland University

Department of Language Science and Technology

@ICLaVE panel on embracing variability in NLP 10.07.24



COMMUNICATION
through language

204.07.24



Assumptions

The language system approximates an optimal code for 
human communication (close to channel capacity)

Language use is rational: 
Interlocutors

strive for successful communication
want to keep effort reasonable

Human language processing is tied to expectancy: 
predictability in context

304.07.24

Speaker
Channel

Capacity
Listener



Language variation and register theory (Halliday 1985, Biber 1988)

» variation given the local linguistic context

» language use is determined by the situational context

Rational communication and information theory
» usage-based and communicative perspective (Bybee 2007, Aitchinson 2008, Kirby et al. 2015, Crocker et al. 2016)

» variation helps modulate the information content leading to optimization effects 
for efficient communication (Jaeger and Levy 2007, Piantadosi et al. 2011)

Theoretical setting

404.07.24

(Kaiser & Wang 2021)



Probability and context

504.07.24

𝑝(𝑢𝑛𝑖𝑡|𝑐𝑜𝑛𝑡𝑒𝑥𝑡)

morphemes
words

lemmas

POS

ngram POS

Extra-linguistic → detect variation across situational contexts
(e.g. time, registers, authors)
with relative entropy

Linguistic → analyze variation in linguistic context
𝑠𝑦𝑛𝑡𝑎𝑔𝑚𝑎𝑡𝑖𝑐	𝑐𝑜𝑛𝑡𝑒𝑥𝑡
𝑝𝑎𝑟𝑎𝑑𝑖𝑔𝑚𝑎𝑡𝑖𝑐	𝑐𝑜𝑛𝑡𝑒𝑥𝑡

parsing
concepts
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https://royalsociety.org/about-us/history/

https://royalsocietypublishing.org/cms/attachment/04
7e986d-cb3c-4171-90ec-07418f1b0f4a/front.pdf

March, 4, 20241665

Scenario: Scientific writing
In collaboration with people from SFB1102, Project B1

Elke Teich Diego Alves Pauline Krielke Isabell Landwehr Sergei Bagdasarov



Diachronic variation 

704.07.24

1665

1885
which/that were

gerund

reduced rel. clause

nominalization

Reporting genre
• involved verbal 

style
• general 

vocabulary

Expository genre
• informational 

nominal style
• specialized 

vocabulary



Evolution of modern science Development of scientific language
(cf. Ure 1982, Halliday 1988, Harris 1991)

Diversification distinctness from ‘general’ English

Specialization expressivity (new expressions)
(Säily et al. 2017)

Standardization conventionalization
(e.g. formulaic expressions, terminology)
(DeSmet 2016)

Assumptions

804.07.24

→

→

→

→

→ optimal code for expert-to-expert communication



Data

904.07.24

Corpus building  
inspired by 
Agile Software 
Development

• Built in accordance to FAIR principles
• OCR-correction based on Noisy-Channel Spell Checker (Klaus et al. 2019)
• 295 mio tokens and 47k texts
• Comprehensive metadata (Menzel et al. 2021) (Cockburn, 2001; 

Voormann and Gut, 2008)

(Wilkinson et al., 2016)

(Kermes et al. 2016; Fischer et al. 2020, Menzel et al. 2021)

(Wilkinson et al. 2016)



Overview of methods 

1004.07.24

1. Detect periods of Innovation vs. Conventionalization in a data-driven fashion
• Kullback-Leibler Divergence

2. Inspect change:
• Word embeddings: Inspect Specialization trends
• Hyperbolic embeddings: Inspect emergence of specialized terminology

3. Model extra-linguistic factors:
• Event cascades: modeling influencer and influencees on picking up new terms

4. Model linguistic context:
• Surprisal: Context-aware analysis of evolving norms and expectations of the scientific 

community



Detect periods of change in language use
(rather than comparing predefined periods)

1104.07.24



Divergence

12

04.07.24

𝑝(𝑢𝑛𝑖𝑡|𝑐𝑜𝑛𝑡𝑒𝑥𝑡)

morphemes
words

lemmas

POS

ngram POS

Extra-linguistic Language models (LMs)
Relative entropy 
(Kullback-Leibler Divergence)

→ detect change 
across 
situational contexts

parsing

𝐷(1650𝑠| 1990𝑠

relatively similar → low divergence differ → higher divergence

𝐷(1650𝑠| 1700𝑠

Unigram model with Jelinek-Mercer Smoothing p(w)=(1−λ)⋅p′(w)+λ⋅b(w), 
where p‘(w) subcorpus, b(w) entire corpus, λ=0.05

𝐷(𝑃||𝑄) =/
!

𝑝 𝑢𝑛𝑖𝑡! 𝑃 	log"
𝑝 𝑢𝑛𝑖𝑡! 𝑃
𝑝 𝑢𝑛𝑖𝑡! 𝑄

𝐷_𝑙(𝑃||𝑄) = 𝑝 𝑙 	log"
𝑝(𝑙)
𝑞(𝑙)

Overall KLD Pointwise KLD



LMs to detect period of change
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Relative entropy (KLD)

1750
20 years 
before

20 years 
after

𝑃𝐴𝑆𝑇 𝐹𝑈𝑇𝑈𝑅𝐸

𝐷(𝐹𝑈𝑇𝑈𝑅𝐸||𝑃𝐴𝑆𝑇) =.
!

𝑝 𝑢𝑛𝑖𝑡! 𝐹𝑈𝑇𝑈𝑅𝐸 	log"
𝑝 𝑢𝑛𝑖𝑡! 𝐹𝑈𝑇𝑈𝑅𝐸
𝑝 𝑢𝑛𝑖𝑡! 𝑃𝐴𝑆𝑇

1755
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𝑢𝑛𝑖𝑡 = 𝑙𝑒𝑚𝑚𝑎

Waves of increased 
expressivity

(Degaetano-Ortlieb and Teich 2018, 2019)

𝑢𝑛𝑖𝑡 = 	𝑃𝑂𝑆𝑡𝑟𝑖𝑔𝑟𝑎𝑚 (e.g Adj-Adj-Noun)
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KLD across linguistic levels

Lexis: 
• more stable vocabulary usage 

with periods of increased 
expressivity

Grammar
• overall conventionalization trend 

of grammatical structures  
• peak in the 20th c. triggered by 

compounding and 
premodification

1409.07.24

Reviewing process
impacts language use

Chemical
revolution

Period of standardization 

Increased densification by 
nominal compounding

Li
ne

ar
 re

gr
es

si
on

 (H
ub

er
)

Mr. Pound observed a similar eclipse at Wanstead … and has described it in the 
Philos. Trans. N. 347 , p. 402. (id 6094358)



Analyze change in language use
Which linguistic features contribute to a change?

1504.07.24

Allows a qualitative 
perspective on the 
data!



Lexical contributions to change

1604.07.24

Discovery of hydrogen 
(inflammable air) by 
Henry Cavendish 
in 1766

Discovery of oxygen 
(dephlogisticated air) by Joseph 
Priestley in 1774

2-year window, 20-year range

(Degaetano-Ortlieb and Teich 2018, 2019)

𝐷_𝑙𝑒𝑚𝑚𝑎(𝐹𝑈𝑇𝑈𝑅𝐸||𝑃𝐴𝑆𝑇) = 𝑝 𝑙𝑒𝑚𝑚𝑎|𝐹𝑈𝑇𝑈𝑅𝐸 	log!
𝑝(𝑙𝑒𝑚𝑚𝑎|𝐹𝑈𝑇𝑈𝑅𝐸)
𝑝(𝑙𝑒𝑚𝑚𝑎|𝑃𝐴𝑆𝑇)



Effects across linguistic levels

1704.07.24

𝑢𝑛𝑖𝑡 = 	𝑃𝑂𝑆𝑡𝑟𝑖𝑔𝑟𝑎𝑚𝑢𝑛𝑖𝑡 = 𝑙𝑒𝑚𝑚𝑎

LEXIS GRAMMAR



Methodology

1804.07.24

𝑝(𝑢𝑛𝑖𝑡|𝑐𝑜𝑛𝑡𝑒𝑥𝑡)

morphemes
words

lemmas

POS

ngram POS

Extra-linguistic Language models (LMs)
Relative entropy 
(Kullback-Leibler Divergence)

→ detect change 
across 𝑇𝐼𝑀𝐸

parsing

Linguistic

Word embeddings 
word2vec: 
surrounding words [-5,5] 

→ inspect 
𝑝𝑎𝑟𝑎𝑑𝑖𝑔𝑚𝑎𝑡𝑖𝑐	
𝑐𝑜𝑛𝑡𝑒𝑥𝑡



Paradigmatic context and change

1904.07.24

decreasing

Bubble size: 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
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increasing

(Fankhauser et al. 2017, Bizzoni et al. 2019)

https://corpora.ids-mannheim.de/diaviz/royalsociety.html

https://corpora.ids-mannheim.de/diaviz/royalsociety.html


Modeling linguistic context
Surprisal allows for context aware analysis of evolving

norms and expectations within the scientific community 

2004.07.24



Methodology

2104.07.24

𝑝(𝑢𝑛𝑖𝑡|𝑐𝑜𝑛𝑡𝑒𝑥𝑡)

morphemes
words

lemmas

POS

ngram POS

Extra-linguistic Language models (LMs)
Relative entropy 
(Kullback-Leibler Divergence)

→ detect change 
across 𝑇𝐼𝑀𝐸

parsing

Linguistic

Word embeddings 
Wang2vec: 
surrounding words [-5,5] 

→ inspect 
𝑝𝑎𝑟𝑎𝑑𝑖𝑔𝑚𝑎𝑡𝑖𝑐	
𝑐𝑜𝑛𝑡𝑒𝑥𝑡

LMs
Average surprisal

→ analyze 
𝑠𝑦𝑛𝑡𝑎𝑔𝑚𝑎𝑡𝑖𝑐	
𝑐𝑜𝑛𝑡𝑒𝑥𝑡



Surprisal

2209.07.24

(cf. Hale 2001)

𝐸𝑓𝑓𝑜𝑟𝑡 𝑢𝑛𝑖𝑡 	
∝
𝑆𝑢𝑟𝑝𝑟𝑖𝑠𝑎𝑙(𝑢𝑛𝑖𝑡)

𝑆𝑢𝑟𝑝𝑟𝑖𝑠𝑎𝑙 𝑢𝑛𝑖𝑡 = − logI 𝑝(𝑢𝑛𝑖𝑡|𝑐𝑜𝑛𝑡𝑒𝑥𝑡)
(cf. Shannon 1948, Hale 2001, Levy 2008)



Shannon’s surprisal

2304.07.24

(Shannon 1949)
𝑆𝑢𝑟𝑝𝑟𝑖𝑠𝑎𝑙 𝑢𝑛𝑖𝑡 = − log" 𝑃(𝑢𝑛𝑖𝑡|𝑐𝑜𝑛𝑡𝑒𝑥𝑡)
𝐸𝑓𝑓𝑜𝑟𝑡 𝑢𝑛𝑖𝑡 	∝ 𝑆𝑢𝑟𝑝𝑟𝑖𝑠𝑎𝑙(𝑢𝑛𝑖𝑡)

(Hale 2001; Levy 2008; Crocker et al. 2016)

Analyze the syntagmatic context 
to trace 
• specialization and conventionalization
• densification over time 

𝑆𝑢𝑟𝑝𝑟𝑖𝑠𝑎𝑙 𝑤! = − log" 𝑝(𝑤!|𝑤!#$𝑤!#"𝑤!#%)

𝐴𝑣𝑆"#$% 𝑤 =
1
|𝑤|/

&

− log! 𝑝(𝑤&|𝑤&'"𝑤&'!𝑤&'()

4-gram language model

(Priestly 1788)

Ongoing experiments with transformer-based surprisal (Steuer et. al 2024)



Uniform information density (UID hypothesis)

2404.07.24

(Jäger 2010)



Syntagmatic context and change

2504.07.24

(Degaetano-Ortlieb and Teich 2018, 2019)

Surprisal averaged across time periods 
(four-gram model on decades)

𝐴𝑣𝑆(𝑢𝑛𝑖𝑡) =
1

|𝑢𝑛𝑖𝑡|
.
!#$

%

−𝑙𝑜𝑔"𝑝(𝑢𝑛𝑖𝑡!|𝑢𝑛𝑖𝑡!&$	𝑢𝑛𝑖𝑡!&"	𝑢𝑛𝑖𝑡!&(	)

1790: new lexemes

1800:
established 
terms
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Types of patterns and changes

2604.07.24

compound and 
post-modification complex compounds 

and pre-modification

Structural compression strategies (cf. Biber and Gray 2016)

Single noun

Modification 
by clause

Post-
modification

Compound

Pre-
modification / 
complex 
compound

The oxygen was consumed

The quantity of oxygen which was consumed

The consumption of oxygen

The oxygen consumption plotted against

Animals have a mean dermal oxygen 
consumption



Surprisal to inspect cycles of change

2704.07.24

The quantity of oxygen which was consumed The consumption of oxygen The oxygen consumption plotted against



Summary

Development of the scientific register

Balance between specialization and conventionalization procedures
→ Optimal code: sufficiently conventionalized while leaving room for innovation 

(interplay between lexis and grammar)

Relative entropy as a measure to detect changes

Surprisal as a notion of cognitive effort and predictability of changes
→ Optimization process in language as cycles of linguistic change

Combining different methods allows for validity and diverse insights to gain a 
more comprehensive picture

2804.07.24



Thank you for your attention!

Beispielpräsentation 2904.07.24



Hyperbolic embeddings 
further trace the process of specialization

from the use of more abstract/general to more specific terms over time
(Bizzoni et al. 2019)

3004.07.24

Yuri Bizzoni, Marius 
Mosbach, Dietrich Klakow



Trends of specialization

31

Hyperbolic embeddings 
showing clusters with

more abstract (potentially ambiguous) 
words towards the center, 

specialized terms at the periphery of the 
cluster and more distant from the center



Trends of specialization

Population of the space towards the periphery indicating specialization

3204.07.24



Influencers and influencees in the RSC
the role of individual scientists

in the diffusion of new concepts
(Bizzoni et al. 2021) 

3304.07.24

Yuri Bizzoni
Katrin Menzel
Elke Teich



Methods

KLD for term selection 
Discovery of oxygen and new nebulae, single-author papers (>7papers, min 1 occurrence)

Event cascades to model influencer and influencees
• Event intensity function with based intensity λ),% and sum of influence 

effects (influence strength 𝛼+,→) from source event s𝑒 to target	𝑗 from past events t′ < 𝑡 with 
decay function 𝜅, 

• Influence intensity between entities (s𝑒 and 𝑗) over time interval ∆𝑡 calculated as sum over 𝐵 basis 
models (no. of authors)

• Each model 𝜙.(∆𝑡) represents influence pattern, with dyad-specific weights 𝑔+,→). determining 
contribution of each pattern

3404.07.24

How much does each source event tend to excite each target event?



35

innovator

early adopter

late adopter

spreader

influencer

in
flu
en
ce
es

Early Adopter (Pearson):
Reacts to innovator, 
becomes influential among peers, 
expanding trend reach.

Early Majority (Davy and others):
Engages with trend widely 
popularized by several 
authors, solidifying its adoption.

Innovator (Priestley):
Initiates use, exerting strong, 
focused influence; 
catalyst for trend adoption.
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Scenario: Formal vs. informal settings and gender

Old Bailey court proceedings 
(OBC Corpus; Huber et al. 2016)

Letter of correspondences 
(TCEECE; Saario & Säily 2020)

Registerial Adaptation vs. Innovation Across Situational Contexts: 
18th Century Women in Transition

(Degaetano-Ortlieb, Tanja Säily & Yuri Bizzoni 2021)

Registerial innovation in letters:
future women language use diverges 
from the past (male and female)
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Registerial adaptation
In court future women lang. use 
converges to past male lang. use
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Scenarios 1: Literary studies

https://www.jstor.org/stable/2866204?seq=1#metadata_info_tab_contents https://shakespearequarterly.folger.edu/essays/causes-
nature-popular-astrology-king-lear/

1950 2018

(Nussbaum 
1997, Lamont 
2009, Biber and 
Gray 2016, 
Kramnick 2018)

(Degaetano-Ortlieb & Piper 2019)
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Scenarios 1: Literary studies
(Nussbaum 
1997, Lamont 
2009, Biber and 
Gray 2016, 
Kramnick 2018)

(Degaetano-Ortlieb & Piper 2019)
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Literary studies Royal Society
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