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Recap: Dependency Parsing

the dog ran to the house
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Why is Syntax Still Relevant?
Learnability of humanlike syntactic structure 

(formal expressivity of architectures, or learnability from data)

Kallini et al. 2024, Strobl et al. 2024, Hu et al. 2024, Misra and Mahowald 2025



Why is Syntax Still Relevant?
Serves as a good inductive bias in low-data settings

Hu et al. 2025, McCoy and Griffiths 2025, Cagnetta et al. 2025

Pre-training on formal languages

Meta-learning with formal languages

Relationship between scaling laws and hierarchical 
compositionality of human language



Compositional Semantics

• How do we represent sentence meaning? 

• How can we get from word meaning to sentence meaning? 

• What are some applications of formal semantics in NLP?



Compositional Semantics
• Lexical semantics: we can get word meanings 

• Denotational semantics: tokens are references 
to things in the real world 

• Ontologies: tokens are references to nodes in 
some knowledge graph 

• Word embeddings: tokens are represented by 
continuous vectors
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Compositional Semantics
• Lexical semantics: we can get word meanings 

• Denotational semantics: tokens are references 
to things in the real world 

• Ontologies: tokens are references to nodes in 
some knowledge graph 

• Word embeddings: tokens are represented by 
continuous vectors 

• Syntax: we can determine what sequences of word 
types are possible or not possible in a language by 
modeling latent structure 

• Constituency grammar aka phrase structure 
grammar aka context-free grammar 

• Dependency grammar

Main challenge of semantic parsing: 
how do we get a single representation 
of the entire sentence’s meaning from 
(a) the meanings of its words, and 
(b) their order and latent structure?
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Recap: Combinatory Categorial Grammar 
(CCG)

• Another way of representing a constituency grammar: 
bottom-up 

• Elements of a CCG: 

• Lexical items (wordtypes) 

• Each paired with a syntactic type (≈ nonterminal or 
composition thereof)

Example from Wikipedia



An Analogy: Code Interpreters

3 + 5 * 6

Task: evaluate the expression: 

3 + 5 * 6



An Analogy: Code Interpreters

3 + 5 * 6

Task: evaluate the expression: 

3 + 5 * 6 
 
Step 1: parse



An Analogy: Code Interpreters

3 + 5 * 6
data type

meaning

int

3

int

5

int

6

Task: evaluate the expression: 

3 + 5 * 6 
 
Step 2: evaluate

def f(x): 
  def g(y): 
    return x * y 
  return g

int → <int → int>int → <int → int>

int → int

f(6) 
def g(y): 
  return 6 * y

int

g(5) 
30 ← 6 * 5

def h(x): 
  def j(y): 
    return x + y 
  return j

int → int

h(30) 
def j(y): 
  return 30 + y



An Analogy: Code Interpreters

3 + 5 * 6
int

3

int

5

int

6

Task: evaluate the expression: 

3 + 5 * 6 
 
Step 2: evaluate

def f(x): 
  def g(y): 
    return x * y 
  return g

int → <int → int>int → <int → int>

int → int

f(6) 
def g(y): 
  return 6 * y

int

g(5) 
30 ← 6 * 5

def h(x): 
  def j(y): 
    return x + y 
  return j

int → int

h(30) 
def j(y): 
  return 30 + y

int

j(3) 
33 ← 30 + 3

data type

meaning



CCG and Lambda Calculus

3 + 5 * 6
int

3

int

5

int

6

int → <int → int>
λ x , y . x * y

int → int

int

int → <int → int>
λ x , y . x + y

int → int

int

Lambda expressions: 
def f({args}): 
  {body} 
 
λ {args} . {body}

≡

 
(λ x , y . x * y)(6) 
λ y . 6 * y

 
(λ y . 6 * y)(5) 
30

 
(λ x , y . x + y)(30) 
λ y . 30 + y

 
(λ y . 30 + y)(3) 
33

data type

meaning



CCG and Lambda Calculus

3 + 5 * x

3 5 x
λ x , y . x * yλ x , y . x + y

Task: evaluate the expression: 

3 + 5 * x

data type

meaning

int int int

 
(λ x , y . x * y)(x) 
(λ x , y . x * y)
int → <int → int>

(λ x , y . x * y)(5) 
(λ y . 5 * y)
int → int

 
(λ x , z . x + z)(λ y . 5 * y) 
λ z , y . 5 * y + z
int → <int → int>

 
(λ z , y . 5 * y + z)(3) 
λ y . 5 * y + 3
int → int

int → <int → int>int → <int → int>



CCG and Lambda Calculus
def f(y): 
  return 5 * y + 3

3 + 5 * x

3 5 x
λ x , y . x * yλ x , y . x + y

data type

meaning

int int int

 
(λ x , y . x * y)(x) 
(λ x , y . x * y)
int → <int → int>

(λ x , y . x * y)(5) 
(λ y . 5 * y)
int → int

 
(λ x , z . x + z)(λ y . 5 * y) 
λ z , y . 5 * y + z
int → <int → int>

 
(λ z , y . 5 * y + z)(3) 
λ y . 5 * y + 3
int → int

int → <int → int>int → <int → int>



Truth-Conditional Semantics
• In the context of their use, statements are either true or 

false, i.e., they have the type t (aka, bool in python) 

• Let’s call this context a world w 

• We’d like the outcome of our semantic parsing to be a 
some that can evaluate to true or false (i.e.,                    )

<latexit sha1_base64="CeHN+COqd/gXtSesigDxQROTLJE=">AAACCXicbVBNS8NAEN34WetX1KOXxSJ4kJJIUY9FLx4r2A9IQ9lsN+3SzSbsTpQSevXiX/HiQRGv/gNv/hs3bQ7a+mDg8d4MM/OCRHANjvNtLS2vrK6tlzbKm1vbO7v23n5Lx6mirEljEatOQDQTXLImcBCskyhGokCwdjC6zv32PVOax/IOxgnzIzKQPOSUgJF6Nu5GBIaUiKw9wV3FB0MgSsUP2MPOKXax37MrTtWZAi8StyAVVKDRs7+6/ZimEZNABdHac50E/Iwo4FSwSbmbapYQOiID5hkqScS0n00/meBjo/RxGCtTEvBU/T2RkUjrcRSYzvxuPe/l4n+el0J46WdcJikwSWeLwlRgiHEeC+5zxSiIsSGEKm5uxXRIFKFgwiubENz5lxdJ66zqnldrt7VK/aqIo4QO0RE6QS66QHV0gxqoiSh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDqu2ZAw==</latexit>

W ! [0, 1]
<latexit sha1_base64="67zubY/zRYXPtGD09zOTgpCYIlM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E6WE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+ien53Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcNGI2o</latexit>w1

<latexit sha1_base64="OruMTjXosJIyrrN44UfuYidNs40=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4xyiOBDZkdemHC7OxmZlZDCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStm7KFfvqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8ADpyNqQ==</latexit>w2

<latexit sha1_base64="57bbty8vScfmCKeyy923nP4ym5E=">AAACFXicbVC7TsMwFHV4lvIKMLK4VEgMqEpQBYwVLIxFog8pCZHjuq3VxInsG6CK+hMs/AoLAwixIrHxNzhtB2g5kqXjc+699j1BEnIFlvVtLCwuLa+sFtaK6xubW9vmzm5TxamkrEHjMJbtgCgWcsEawCFk7UQyEgUhawWDy9xv3TGpeCxuYJgwLyI9wbucEtCSbx47bslxgT1ABn2GtYy5wrHA+Q2IHjPy3JJ3m9379sg3y1bFGgPPE3tKymiKum9+uZ2YphETQEOilGNbCXgZkcCpnlx0U8USQgekxxxNBYmY8rLxViN8qJUO7sZSHwF4rP7uyEik1DAKdGVEoK9mvVz8z3NS6J57GRdJCkzQyUPdNMQQ4zwi3OGSUQiHmhAquf4rpn0iCQUdZFGHYM+uPE+aJxX7tFK9rpZrF9M4CmgfHaAjZKMzVENXqI4aiKJH9Ixe0ZvxZLwY78bHpHTBmPbsoT8wPn8AeHOeZw==</latexit>

[[the cat is on the table]]w1
<latexit sha1_base64="qnkJmGBA2nl00UIPkhLbiteKIjA=">AAACFXicbVC7TsMwFHXKq5RXgZHFpUJiQFVSVcBYwcJYJPqQkhA5rttaTZzIvgGqqD/Bwq+wMIAQKxIbf4PbZoCWI1k6Pufea9/jxwFXYJrfRm5peWV1Lb9e2Njc2t4p7u61VJRIypo0CiLZ8YliAResCRwC1oklI6EfsLY/vJz47TsmFY/EDYxi5oakL3iPUwJa8oontlOyHWAPkMKAYS1jrnAk8OQGRI8Zu07JvU3vverYK5bNijkFXiRWRsooQ8MrfjndiCYhE0ADopRtmTG4KZHAqZ5ccBLFYkKHpM9sTQUJmXLT6VZjfKSVLu5FUh8BeKr+7khJqNQo9HVlSGCg5r2J+J9nJ9A7d1Mu4gSYoLOHekmAIcKTiHCXS0YhGGlCqOT6r5gOiCQUdJAFHYI1v/IiaVUr1mmldl0r1y+yOPLoAB2iY2ShM1RHV6iBmoiiR/SMXtGb8WS8GO/Gx6w0Z2Q9++gPjM8fefieaA==</latexit>

[[the cat is on the table]]w2



Truth-Conditional Semantics

<latexit sha1_base64="CeHN+COqd/gXtSesigDxQROTLJE=">AAACCXicbVBNS8NAEN34WetX1KOXxSJ4kJJIUY9FLx4r2A9IQ9lsN+3SzSbsTpQSevXiX/HiQRGv/gNv/hs3bQ7a+mDg8d4MM/OCRHANjvNtLS2vrK6tlzbKm1vbO7v23n5Lx6mirEljEatOQDQTXLImcBCskyhGokCwdjC6zv32PVOax/IOxgnzIzKQPOSUgJF6Nu5GBIaUiKw9wV3FB0MgSsUP2MPOKXax37MrTtWZAi8StyAVVKDRs7+6/ZimEZNABdHac50E/Iwo4FSwSbmbapYQOiID5hkqScS0n00/meBjo/RxGCtTEvBU/T2RkUjrcRSYzvxuPe/l4n+el0J46WdcJikwSWeLwlRgiHEeC+5zxSiIsSGEKm5uxXRIFKFgwiubENz5lxdJ66zqnldrt7VK/aqIo4QO0RE6QS66QHV0gxqoiSh6RM/oFb1ZT9aL9W59zFqXrGLmAP2B9fkDqu2ZAw==</latexit>

W ! [0, 1]
<latexit sha1_base64="67zubY/zRYXPtGD09zOTgpCYIlM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8eK9gPaUDbbTbt0swm7E6WE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuTaiFg94DjhfkQHSoSCUbTS/VPP65UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+ien53Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wcNGI2o</latexit>w1

<latexit sha1_base64="OruMTjXosJIyrrN44UfuYidNs40=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4xyiOBDZkdemHC7OxmZlZDCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaLSPJYPZpygH9GB5CFn1Fjp/qlX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStm7KFfvqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8ADpyNqQ==</latexit>w2

the cat is on the table some function that can be evaluated to 
give us the denotation in an arbitrary world

CCG

• In the context of their use, statements are either true or 
false, i.e., they have the type t (aka, bool in python) 

• Let’s call this context a world w 

• We’d like the outcome of our semantic parsing to be a 
some that can evaluate to true or false (i.e.,                    )



Lambda Calculus  
for Natural Language

CCG for semantic parsing: 

• Lexical items (wordtypes) 

• Each paired with a syntactic type 

• And paired with a lambda expression and its semantic type

everyone likes Pepper

Syntactic type

Semantic type

λ-expression



Example Parse
everyone Pepperlikes



Pepper
Syntactic type: noun phrase
Semantic type: entity
λ-expression: refers to the unique Pepper entity

everyone likes Pepper

Syntactic type NP

Semantic type e

λ-expression Pepper

Example Parse



Example Parse

everyone likes Pepper

Syntactic type NP

Semantic type e

λ-expression Pepper

everyone Pepperlikes
NP
e

Pepper



λ x, y . likes (y, x)
Syntactic type: expects a noun phrase to follow, and a noun phrase to precede
Semantic type: expects an entity as its first argument, produces a new function
λ-expression: calls the primitive likes function that checks if y likes x

everyone likes Pepper

Syntactic type
(S \ NP) / 

NP
NP

Semantic type e → <e → t> e

λ-expression
λ x, y . likes 
(y, x) Pepper

Example Parse



Example Parse

NP
e

Pepper

everyone Pepperlikes

everyone likes Pepper

Syntactic type
(S \ NP) / 

NP
NP

Semantic type e → <e → t> e

λ-expression
λ x, y . likes 
(y, x) Pepper

(S \ NP) / NP
e → < e → t >

λ x, y . likes (y, x)



Example Parse

NP
e

Pepper

everyone Pepperlikes
(S \ NP) / NP
e → < e → t >

λ x, y . likes (y, x)
>

S \ NP
e → t

λ y . likes (y, Pepper)



λ f . ∀ x (person(x) → f(x))
λ-expression: checks whether, for all people, the function f is true

everyone likes Pepper

Syntactic type S / (S \ NP)
(S \ NP) / 

NP
NP

Semantic type <e → t> → t e → <e → t> e

λ-expression
λ f . ∀ x  

(person(x) → 
f(x))

λ x, y . likes 
(y, x) Pepper

Example Parse



Example Parse

NP
e

Pepper

everyone Pepperlikes
(S \ NP) / NP
e → < e → t >

λ x, y . likes (y, x)
>

S \ NP
e → t

λ y . likes (y, Pepper)

S / (S \ NP)
< e → t > → t

λ f . ∀ x  
(person(x) → f(x))

everyone likes Pepper

Syntactic type S / (S \ NP)
(S \ NP) / 

NP
NP

Semantic type <e → t> → t e → <e → t> e

λ-expression
λ f . ∀ x  

(person(x) → 
f(x))

λ x, y . likes 
(y, x) Pepper



Example Parse

NP
e

Pepper

everyone Pepperlikes
(S \ NP) / NP
e → < e → t >

λ x, y . likes (y, x)
>

S \ NP
e → t

λ y . likes (y, Pepper)

S / (S \ NP)
< e → t > → t

λ f . ∀ x  
(person(x) → f(x))

>
S
t

λ f . ∀ x (person(x) → f(x)) (λ y . likes (y, Pepper))
∀ x (person(x) → (λ y . likes (y, Pepper))(x)
∀ x (person(x) → likes (x, Pepper))



Sentence Meaning

• What can we do with our sentence now that it’s a function? 

• We can check its meaning against some world!

∀ x (person(x) → likes (x, Pepper))

ID Name Person?

1 Alane yes

2 Gopala yes

… … …

N Pepper no

entities
ID 1 ID 2

1 N

2 N

… …

N 1

likes



Sentence Meaning
∀ x (person(x) → likes (x, Pepper))
• What can we do with our sentence now that it’s a function? 

• We can check its meaning against some world! 

• We can check use it to make inferences!

person(Alane)  
∧  
∀ x (person(x) → likes (x, Pepper)) 
 
⇒ likes(Alane, Pepper)



Formal Semantics
• Logical operators, like ∨, ∧, and ¬ 

Pepper is clever and curious 

• Quantifiers like ∀ and ∃ 
Some cats like water 

• Relationships between functions ⇒ and ⇔ 

Squares are rectangles (∀x(square(x) ⇒ rectangle(x))) 

• Verbs can have tenses, and can be modified with adverbs 

• We can talk about beliefs others have 

• Some combinations of meanings are nonsensical (unevaluable) 
green ideas 

• Sentences aren’t just statements — sometimes they are commands, 
questions, etc. 

• Sentences exist in the context of previous sentences and their meanings



Modern Formal Semantics

• In NLP, nobody is really mapping from sentences to 
lambda calculus representations anymore 

• However, many of our problems still take the form of 
mapping from language to some meaningful structured 
representation



Modern Formal Semantics
Planning (e.g., task specification to PDDL)

the table has six blocks on it, arranged into a tower 
that, from bottom to top, has the following blocks: a, 
c, e, f, b, and d. rearrange the tower so that their 
order is, from bottom to top, e, f, a, c, b, d.

Example from Valmeekam et al. 2025



Modern Formal Semantics
Coding

HumanEval, Chen et al. 2021

SWE-Bench, Jimenez et al. 2023

BIRD, Li et al. 2023



Modern Formal Semantics
Reasoning

Li et al. 2024

DeepSeek-AI


