"#3%E&SP' (&) *+'$PH++H+*&,-*.&/()#+*
WHP'))#,%* #)&(*#%10)2+
&' (1#-*%0*(&,3'&3#*

#5068 #%()
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"H$96"$&' () *&+ #S

cat sat on the mat .
A S N S
® © o e e e
@ Q— @O @ Q— @O
® @ @ o @ @
R S S S

the cat sat on the mat



What are RNNs learning about language?

cat

*

000

Sat

*

000

*

cat

on

000

IOve seen ca
will follow

%

—

*

on

-
O

t, | bet ma

!

/‘
_>‘

—

*

the

—/

*

mat




"HBYHE ' Vo())* Yo+ #& -, Yo /01$Yo+#,. 1#.'2

I’m inside a PP,
I’m waiting for the embedded NP
Z @
@ — :

bt bt

the cat sat on the mat

cat sat on

bof

000

000

000




Do RNNs uncover the structure-dependent
nature of [anguage in raw linguistic input?

| I"HSOOHRE ) /(O#,%"(1,2'&,384#](5-,*"-()".6/(7'+(8H&IB&-(
(17 &H<( 1"H SHY&E ($%%6)' $Y%0*+$$%),)%,-"$.&'$%01’
23%3$0$*23*RE7HE6(>"6$68%6-('%(? @ @AS(BCDE

| F&S>#"6-(=GHF&9EHDII'&*6+( J*>,*K L(M,". ),+-=6"N(7T@A8(
BCDO<



Long-distance number agreement

Structures, not strings!
Evaraert et al. 2015

ne "% $%umping

ne I'#
ne I'#

ne I"'#

t
't
't

nat | saw] $Yumping
nat | saw yesterday] $%umping

nat | saw yesterday on the rocks] $%umping



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)

e Colorless green ideas sleep furiously

* The co
* The co

* The co

or
or
or

ess green ideas
ess green ideas
ess green ideas

t
t
t

nat | ate] sleep furiously
hat | ate yesterday] sleep furiously

nat | ate yesterday with the chair] sleep furiously



Building long-distance number agreement test sets

o I'"HE6&' (JH* + SH+- #&&))"+0#.+'1)20,$)34-5'0(#8&)6'%'41'4.-'()+0" 7#48()
Q++9%:<<*4-5'0(#&1'%'41'4.-'(=,0><7?

NOUN VERB VERB
the boys [|that you know| sing

o @+)&H(+)A)+,84()7'+B"4). VA1) +#0>'+

o I#.:),0->-4#&)"#$%&")+0#4(2,0%'1)-4+,)#)4,4.)('4+'4 .7 0'%&#.-4>).,4+'4+)
B,01()B-+:)$,0%:,&,>- #&&b#+.:'1)0#41,%$)B,01(

o DHAS*#>'()(+*1-'1)E+#&-H#AF)14>&-(:F)G'7T0'BF)H*((-#4


http://universaldependencies.org/)

"HBY&H ()*+"Y0,-.+/*012

| IMHHS%& )+, '$-().'01)&*+-+1+)($12&)/'3$4567
| O$SIB%!IS 42 +SSSSEBESE+ (9%
*2'$:. [*+OB$$SF*2)*$:0($+/ SSSSSSSES)/= >SS+
| I"HS06& )+, $-()./'01)&*+-+1+)($128)/-B$++456 7
L+ (%" % ()$SBRE) @&'>>),) -98-19 )(() T9AB)3B )
*2'$$+2898'$+2)*$*2'$-9(>$$$$$C) & $$$$$$$2) > SRUTRABSIFPESS>+/-9,'8/
| 1"H1$%)>F'-*+)($128&)/'3& ' (1L&9R1567
| D+SSPBIBLEH 00'- %ALIEM)SBIH .-%-)*"%"
| *2'&'$$)& SSSAOABH$S+AL98+)8*$$$G$E2)*$'8>




"HBY&H ()*+"Y0,-.+/*012

I 1"#1$%&&'$()*+$,&-./010&0-23
| 2-$$3H%0$8040F62-789/61-2285/8.65PH *+35%'
[;8$&6201<$$$$$56=30562-/069$$$$$=.67$-@AR-4$=6226784
I 1"#1$%&&'$-4B8.>$CDE
| 2:33$$PF2/076% %48286/8.8$5916.- $-%'%%"
| /,8%$2-5/33F$$$$&-2-1855$$6=$$$&678.$$$5/022$$$$$$09/-1/
 D)G$%-4H81/0B-2%&;.-58'$!"#!
I +-' 0B8.- 8$P&FK:.0%..)-%+/
-$5555$55.8-2$-94$&.6&8.5$5-4B89/F.8




"HBY&H ()*+"Y0,-.+/*012

| ADJ [conjoined adjectives] ADJ
| Sono soprattutto "#"$%&" [, austriaci e] 'I()'(*
are especially German-pl , Austrian-pl and Italian-pl

| VERB [verb complements] conj VERB
I ha "$!+(!!, [la pistolale  $-(+(!,
I has pulled-out-sg the gun and shot



Long-distance construction extraction stats

* |talian: 8 constructions, 119 sentences
* English: 2 constructions, 82 sentences
* Hebrew: 19 constructions, 746 sentences

* Russian: 22 constructions, 884 sentences



"H Y& H () +,+$, ") (B H) - HE H-

| I"HS96&' ($)%0*+%6% %S, #Y0- /S ¥ S+HY% %08+ 1528+ (.*35"*%6$"-$+(%$) %4 %'+
EYLHG'+F) TSHY, 48 U SU& (B 00+ 58 HESS . +(S&HE5" 238" #5$5(&9.*3%
2" ("4"3.'&A4$-%&+6#%):

| <SRBH. "A&HRHS Y& "EHY0.)+& 5RABSSSSS&MY-H? BBE)*+,
D(%$&#+.'64&+%%$5.)'.,4.*%$$$%0* T QBFGBHSI @ $$) %6#9%) $SBC$$) %0#9%$$$ B
| <$PEER -,.-(  F'++"")+& 5&ABERBE 33.1IIAS0) #( BCSo)'#(',
D(%$" &K6%$O 20$$)602 ++OFBPREHGR"53.*3$$1JI$$+(*1)$$BCS+(.*1

0

| LSS )%*+%*'%)$3%*UoH&+U05$-"HE%& ($%6/&2, 4%$"-$%0& ($"*)+#6'+."
+HY%08&*1



Training the RNN

L I"H$%& () #+(#,- #/+%*0#+1#2'3'4)*' &5#60'(7T#8& (76 &7)#
0+%)8'(7#9)%:.+*
| 100) X' <$HE: ) HO=SHI+ Y HT'>) (H<+($)=$
| 2+9%0*0#&%)#4%)0)($)*#&0#6(&(&8? @) *#4%'9'$'>)0
| 1" QOH(+#&<<)00#$+#9+%4:+8+7'<&8#0$%6<$6%)
| 1" OH(+$H)=48'<'$82#)=4+0) #$+#0?($&<$'<#<+(0$'$6)($0
"+ () #+1#$)#PE& W 7 ) $#H<+(0$5%6<$'+(0#+<<6%0#' (#9+%)#$: &(
0)($)(<)O#' (#3$:)#%)8)>&($#8&(76&7)



"#$%$%8, ()*'+,,
V<& *(#$01

I 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:

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

I English: same as ltalian
| Hebrew: same as ltalian, except dropout 0.1, learning rate 20
| Russian: same as ltalian, except droput 0.2, learning rate 20



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

pensa p .053
sottoposta dallO alloggio 200 pensano p .005

S S S S

Vd

E

(1Y)
ooe
sos
ooe
oos

bbb by

bomba sottoposta dallO alloggio 200 L



Number prediction accuracy

RNN RNN 5-gram LM | 5-gram LM | most freq | most freq

original nonce original nonce original 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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"#$%&'(&%0)*+,*-."/++"&/+01

211'34'5"#].'4"$6%+,4'*."7 ,/8*].

/" P ,-.[+*0, ,-.[+*0,

#$%8&%'() 4 #3%8%'() | '#*+
"#1$% &'() *+,&-./$0123 4156 576 586 596
I"#1$% &'() *+,&-./$(;-;: 0123 <==6 5>6 5?76 576
I"#1$5% ,@AR'(+&BC123 <==6 446 5>6 456
"#1$%++/$0123$D+,&-;:;+;,(E 846 876 486 876
I"#1$%++/$, @F'&GSHIJ <==6 856 596 856
I1KSUD A 1! <==6 596 556 546
HIJ$%:BCAB,;C'@$,@A":-;F'L/$HIJ <==6 556 556 546
0123%$%F'&G$.BM+('M'CBC#123 SN6 8>6 SN6 486
(1+$(&+ 576 486 576 456

<5




"HB%6& )+ $+,-"$./0.$1%%2$3456$%7 &-,8,%

| L PEYOSH()EAT,+.90)/0&H)*) 8+ T Y68 H(%, 0%&#"&, 1)(

| 3#)4)/'+%5677%4" (1%)(%#)42(89
| 069096 %90 %=SD00BIA 1,
| (2"%:"1%%% %%, 0%=>%@"#1%S$-(*2"#".

| 7./%"%5677%:'A"1%B#,/4%&#".)*(),/89
| +:968694994 (' <.)%CDBRBEALH) 296" $H (|
| (2"% &&H"1()*"%% %%, 0% CFEEEY%"/4)/" #1G6*"+"$# (",



"H$Y6&' () Vo*+(H** #-*. |
SS90 & () (FH(+ & V&M (S -HHHHEAL, )& &%
0" HO' - Q) Yo VHS-H/0 L ) UG B S - HHHHHHHHHEB A,

original generated
100-

75-

87.0 85.2

70.0 g8.9

' subjects
W LSTM

accuracy
S

25-

number of attractors
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"H $HY& &' ($%6%6) * ++8&,'&-../$0

| I"HS%&'S(HS)*(+,)(-%#().&/00) L(2/#$(0,/%, (3-%2") 1) (+ 4% &#(5*-#+6 7 (
8995(+,)(-%#(5/:0"('%%1(,%#)(")+,-),5(%;(5$+""%2(0+##),-5
| <&5H#(4%(0,%=)55/-"("+,)(+:%8&-#5(%: (,+2(#)6#(>"+-'&+") (:%1)"/-'?7(
HO)*(+=.&/ ) (+1@+-=) L(5#, &=#R)())-1)-#(5*-#+=H#/=(=%:0)#)-=)
| BBB(L/5#/-=H#(;,%:(5):+-#/=(+-1(")6/=+"(=%:0)#)-=)



"#$5%&'$()*)+&, +#($(+-".($"
[($0*&+1%2-*344#
#9088 (%) *+90" #IHSHOH S (JH#
AY*[HYBHE')&+6)#,%)8#%"#"63) &#
"6*,%)8/#" TH#H/C[*65"*+$+10H
5'+"#"%>68&*CH#-6)6#+/#*-"*#,64#*6/*#

&'*6/126"6)*+%" DH#/* BoB-6 E
Vi) $-++6$*3)6/F

| % [0112+*-3(4$%8)6"76"&'86 19::<1

| oo [ MY =4>498Y0 "HSHHY%EE (&



"#$%&'$()*)+&, +#($(+-".($"

J+0+1%-0%2" "#3"- A5667**8'1)9#*:::<T*:;:46===

| I"#$

| I"#$9%&()*

| I"HSY0&+ FF & (-,
1 /01

| /01%&'()*

| /01%&+ & (-*.
| 2"3



"#$%&'$()*)+&, +#($(+-".($"

J+0+1%-0%2" "#3"- A5667**8'1)9#*:::<T*:;:46===

| I"HS

| I"#$%&()*

| I"HSY0&+ FF & (.
1 /01

| /01%&'()*

| /01%8&+,**%&(-*.
1 2"3

1 23 &'()*

| 2"3 &+, +Uh&(-*.



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

. I'HS
. I'H$06&"()*

 rasvarue(r.  667%&'()*88%9%667886678¢
+ /01 667%8&+,**%&(-*.88%9% 6678

e [01%&'()*

o1oeasmusce 663 88%9%:;*,<3HA> ")&(=1
e 2"3

. 2"3 &'(*

o 2"3 &+ FFU&(-*,

45



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

¢ 143
o UG ()*
o B, R, 06 7€ ™ () *6649%66 78866 788

- /01

. /01" )* 06 748+, **h&(—* . 8849166 78866 78866 /88
o 01+ *Hg(—* 662 '"388KO% ; * <=, —h=""3(1> ")&(=1

. 2"3
o 234" ()FH, FHUY—*

45



SCAN: systematic compositionality
in a simple grounded environment

WALK

walk and turn left!

LTURN

29



‘esting generalization

TRAINING PHASE TEST TIME
walk jump after walk
WALK WALK JUMP
walk and turn left _
WALK LTURN jump around
and
run thrice run around turn left

RUN RUN RUN RUN RUN RUN RUN

look right and
walk left

RTURN LOOK

LTURN WALK

walk and run
RUN WALK

30



The SCAN commands: examples

* Primitive commands:
* run -> RUN
e walk -> WALK
e turn left -> LTURN

e Modifiers:
e walk left -> LTURN WALK
* run twice -> RUN RUN

* Conjunctions:
e 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")



"#3"%&" () ' *"#$"%&"+,--*
)/+101-

> > > > >JUFP >JUTMP >WATLK ><Efs>
R e e

jump twice and walk <EOS> <SO0OS> JUMP JUMP WALK




"#"3%&' (") +,+&+-.

| I"HS%& ()*(YoHE. ,'()*(Y+(8&/008&.%8 12238+ 44H%5' &HY5&
+."('6.9%53%7 8#+-$.%8& () *(Yo+(

| 8-&-(-&-$4(98. U1 +.46. (58+.44#%5'86" (' (%-(5
| <#+=8&-("-&+.44#%586"('(%-(5&.%+(
| /00&4A*-&T (Y% ("H#-(&"$7=-&#+-$.%8& ) * (%+(&H#-&>$"-&-":

| "#3%3% 7 &5(-#3:'?&B@8A&.6-$4IB#-$. Y& CH-=&2D221&:(#"%F% 7 &
-(#H+=("&>."+$%7
| G(-&4.5(:& . H("#::7?
|1, #:("&IKIA&CS-=&I1228&=$55(%&*%$-'&6("&:#:("9&Y0. &tt--(%-$.%9&2DE&S" .6



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

34



"HSY6& ()4 (-(-/*(),-0/ (-

X 100 -
n
2
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=
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Percent of commands used for training



"HBY& () +,*-#.&)*/0%12)&3(*.$(4)5

B&/H))#'&).+1&" 87, (18#%*&, C3TH#S°
10,8#D$7$1EL '8&HE&+3,#<,"&1'&3"* (
HY*& V6%, "+1#%*&%,98+,%1,%(,+&
90$(0&)HE&D,&7'%/,"&10#%E&HYE&OD
3" F$' . +7E&QD,#*&2G0")+<E&=@:5

| "#$%&'%& () H#%*+&" -.$"$%/&+0"1,"&#(1$'Yo&+,-.,%(,+&2.3&1'&44&
#(1%$'%+5
| 6.)3&#".%*&7,818&198(;8&#(1$'%+5
| O#7<&'33'+$1,8"$/018&1248H#H1$'%+5
| 6.)3&#".%*&7,818&1980/&9#7<&'33'+$1,&"$/01819%(,8&2448#(1$'%+5

| 1 +1&'%&())#%*+&" -.$"$%/&T7'%/,"&#(1$' Yo+ &+,-.,%(,+&28")&4>&1'&>
#(19$'%+5
| 6.)3&#".%*&7,818&19B/&9#7<&'33'+$1,&"$/01 &1 Q4@ &H(1$'%+5



Accuracy on new commands (%)

[}
o
o

"HE%& ()*+%' " (-*Uo(

80 A

60 -

40 A

20 A

o

24

25 26 27 28 30 32 33 36 40
Ground-truth action sequence length
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Experiment 3: generalizing composition of a
orimitive command (the "dax" experiment)

o "#$%PW&'()*'+,%*#S%(‘#--".,(($/-)'+,00#%1('2$*3'4"5%46'42#-746'-,,7+
4*5"%'-)8*46'4*5" %" $&3*49

* 4"5%46'4"5%'*2%$+)46'4*5"%"-)8*'#%1"'5%',..,($*)'*3"$+)46'42#- 7T'#8*)""'5%46'"::
* but only a small set of composed "jump"” commands:

* 450. 46'/60. -)8*46'4"5%'#%A. 46'H0. #"5%1%*2%+)4
o <=(*)0"*)(*)1",%'#--"")0#$%$%&'4;50.4'+,004#%1(9

« :50. *2%+)

* :50. -)8*#%1"5%',..,($*)*3"$+)

o 2H-T'#8%)"50.



Composed-"jump" split results
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"HHDBBRH & () +"(),- & -H#
2 4/.80-(+1".12, -

| "#$%$%&'()**+(,-%0.-%/-,($%/012$%&'

| 3(#A('#S B(7-(1S$,!"#%&(

! 23273(}#;/9)2(4#%9(4:"-(,$4;o-(,-%.-%/-,($001,."#.$%&(.<-(;#"#2$&4(:-o:>(>$.<(:.<---(
L - (,-.($%/012-,

L O:A(#"-(I"#$ B(1 -, "#%&!(

| <-($,('#$ BEO,. !"#%&'(

| 3(#4(%: (#$ B(7-(%AS$, #,("#%&'(

| 9:1(#"-(%:.("#$ B(1 %@, ("#%& (

| <-($,(%:(#$ BBO@-#,(!"#%E&!(

| 3(#A(?-"9(#$ B(7-1$,."A, "'#%&'(

L 9:1(#"-(?-"9("#$ B(1 -, A, "#%&'(

| <-($,(?-"9(#S BEO,. ."A, "#%E&!(



"HHDBBRH & () +"(),- & -H#
2 4/.80-(+1".12, -

| I"HS%&HS()) S+, &-5. &H# $+/-0$ 1 28 #64/-A#T+I$67 .8HSO: SEHKY'$

| <+6$=+*>467'+/?
| H#768&,:$3+=="66&,37/$3@$'&>464H#8&S=+/"H6"=#T+/'STISH6AT/7/.
| A+ &-$=+66&=#-0$#64/'-4#8& $&B"TCA-&IHS:H#T76&,:$' &/H&/=&' SDT7#8$323%$4==



A caveat: SCAN from a RNN's point of view...

orp mamp! plek!

plek mamp!
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"H$%& (" H

L I""#$%E&' ) ##S*+,P, %#*"-%+.$%+$#/ (' (Yo#%+0$1*2#3
| 45-*6* 7-&7* #-..--#.* ,*885*88-0006%;;,H+#*
I <(/+<=3<(/+$.1%6)<=$<1*8><=$<1*8>$.1%6)<=$<?/&'<;;;$@ Q@ @

| AB*.5#$.B)$,%CC)()+6)@
| D%&'8)#.$B2'-.B)#0o#3$6B--#%+0$7).1))+$. 1-$C-(&HSUoH#S*+$)*#%) ($.*#>$.B’
0)+)(*.%+0$-/.'/. $C(-8&$#6(*.6B
| E*+$1)$,).)6.$.(*6)#$-CSH#2#.)&* %6 $6-&'-#%6.%-+*8%.2$%+$.B)$DEF"$!"' @



000

*

grazie

000

*

mille

000

*

thank

*

000

you

*

000

*

thank

000 -

*

you



