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on the mat

sat

the cat sat

oncat the mat .
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What are RNNs learning about language?

on the mat

sat

the cat sat

oncat the mat .
IÕve seen cat, I bet mat

will follow
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on the mat

sat

the cat sat

oncat the mat .I’m inside a PP, 
I’m waiting for the embedded NP



Do RNNs uncover the structure-dependent 
nature of language in raw linguistic input?
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Long-distance number agreement
Structures, not strings!

Evaraert et al. 2015

• The !"# $%jumping
• The !"# [that I saw] $%jumping
• The !"# [that I saw yesterday] $%jumping
• The !"# [that I saw yesterday on the rocks] $%jumping
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Abstracting away
from semantic and frequency effects

Dogs [in captivity] bark

"Grammar is best formulated as a self-contained study independent of 
semantics. In particular, the notion of grammaticalness cannot be identified 
with meaningfulness" (Chomsky 1957)

• Colorless green ideas sleep furiously
• The colorless green ideas [that I ate] sleep furiously
• The colorless green ideas [that I ate yesterday] sleep furiously
• The colorless green ideas [that I ate yesterday with the chair] sleep furiously8



Building long-distance number agreement test sets
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NOUN VERB VERB

the boys that you know sing
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! ADJ [conjoined adjectives] ADJ
! Sono soprattutto !"#"$%&' [, austriaci e]     '!()'(*'

are    especially   German-pl , Austrian-pl and  Italian-pl
! VERB [verb complements] conj VERB

! ha  "$!+(!!, [la    pistola] e      $-(+(!,
! has pulled-out-sg  the gun        and shot
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Long-distance construction extraction stats

• Italian: 8 constructions, 119 sentences
• English: 2 constructions, 82 sentences
•Hebrew: 19 constructions, 746 sentences
•Russian: 22 constructions, 884 sentences
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Training the RNN
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! Training with minibatch stochastic gradient descent for 40 
epochs

! Dividing learning rate by 4 if validation performance (perplexity) 
goes up at end of epoch

! Hyperparameters selected based on model performance on 
validation set, not long-distance agreement accuracy:

! Italian: LSTM, 2 layers, 650 hidden units, batch size 64, dropout 
0.2, learning rate 10

! English: same as Italian
! Hebrew: same as Italian, except dropout 0.1, learning rate 20
! Russian: same as Italian, except droput 0.2, learning rate 20 16



Eliciting grammaticality judgments
from the trained RNN

At test time, RNN is fed sentence prefix, and it assigns probability to 
singular/plural continuations: it is said to be "correct" if it assigns 
higher probability to correct continuation

17alloggio 200

dallÕ

bomba sottoposta dallÕ

alloggiosottoposta 200
pensa     p .053
pensano p .005

É



Number prediction accuracy

RNN 
original

RNN 
nonce

5-gram LM 
original

5-gram LM 
nonce

most freq
original

most freq
nonce

Italian 95% 87% 64% 53% 55% 54%
English 82% 76% 63% 43% 66% 42%
Hebrew 95% 82% 72% 61% 68% 63%
Russian 97% 90% 73% 57% 60% 54%
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!"#!$% &'()*+,&-./$0123 456 576 586 596

!"#!$% &'()*+,&-./$:(;-;: 0123 <==6 5>6 5?6 576

!"#!$% ,@A./$&'(+&BC0123 <==6 446 5>6 456

!"#!$%++/$0123$D+,&-;:;+;,(E 846 8?6 486 8?6

!"#!$%++/$,@F'&G$HIJ <==6 856 596 856

I1K$%,@A./$!"#! <==6 596 556 546

HIJ$%:BCAB;C'@$,@A':-;F'L/$HIJ <==6 556 556 546

0123$%F'&G$:BM+('M'C-L/$:BCA0123 5N6 8>6 5N6 486

(1+$(&+ 576 486 576 456
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! 2"3
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Systematic compositionality
Fodor and Pylyshyn 1988,  Marcus 2003, 2018...

• !"#$
• !"#$%&'()*
• !"#$%&+,**%&(-*.
• /01
• /01%&'()*
• /01%&+,**%&(-*.
• 2"3
• 2"3 &'()*
• 2"3 &+,**%&(-*.

45
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Systematic compositionality
Fodor and Pylyshyn 1988,  Marcus 2003, 2018...

• Walk
• Walk twice
• Walk three times
• Run
• Run twice
• Run three times
• Dax
• Dax twice three times

28

[[X twice]] = [[X]][[X]]
[[X three times]] = [[X]][[X]][[X]]
[[dax]] = perform daxing action



SCAN: systematic compositionality
in a simple grounded environment

29

walk and turn left!
WALK

LTURN



Testing generalization

30

walk and turn left
WALK LTURN

look right and
walk left

RTURN LOOK
LTURN WALK

run around
RUN RUN RUN RUN

walk
WALK

jump after walk
WALK JUMP

run thrice
RUN RUN RUN

walk and run
RUN WALK

jump around
and

turn left

TRAINING PHASE TEST TIME



The SCAN commands: examples
• Primitive commands:

• run -> RUN
• walk -> WALK
• turn left -> LTURN

• Modifiers:
• walk left -> LTURN WALK
• run twice -> RUN RUN

• Conjunctions:
• walk left and run twice -> LTURN WALK RUN RUN
• run twice after walk left -> RUN RUN LTURN WALK

• Simplifications:
• No scope ambiguity ("walk and [run twice]")
• No recursion ("walk and run" vs *"walk and run and walk")
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jump

WALK

twice and walk <EOS>

JUMP JUMP

<SOS> JUMP JUMP WALK

<EOS>
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Experiment 1: random train/test split

• Included in training tasks:
• look around left twice
• look around left twice and turn left
• jump right twice
• run twice and jump right twice

• Presented during testing:
• look around left twice and jump right twice
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Experiment 3: generalizing composition of a 
primitive command (the "dax" experiment)

• !"#$%$%&'()*'+,%*#$%('#--'.,(($/-)'+,00#%1('2$*3'4"5%46'42#-746'-,,746'
4*5"%'-)8*46'4*5"%'"$&3*49
• 4"5%46'4"5%'*2$+)46'4*5"%'-)8*'#%1'"5%',..,($*)'*3"$+)46'42#-7'#8*)"'"5%46':::

• but only a small set of composed "jump" commands:
• 4;50. 46'4;50. -)8*46'4"5%'#%1';50. 46'4;50. #",5%1'*2$+)4

• <=(*)0'*)(*)1',%'#--'")0#$%$%&'4;50.4'+,00#%1(9
• ;50. *2$+)
• ;50. -)8*'#%1'"5%',..,($*)'*3"$+)
• 2#-7'#8*)"';50.
• :::

>?



Composed-"jump" split results
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A caveat: SCAN from a RNN's point of view...
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orp mamp! plek!

plek mamp!

?????
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