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S  →  NP VP  "." 
NP  → PropN   |  N  |  N  RC
VP  →  V  ( NP )
RC  →  who  NP  VP  |  who  VP  ( NP )
N  →  boy  |  girl  |  cat  |  dog  |  boys  |  girls  |  cats  |  dogs
PropN    →  John  |  Mary
V  →  chase  |  feed  |  see  |  hear  |  walk  |  live  |  chases  |  

feeds |   sees  |  hears  |  walks  |   lives

Additional restrictions:
     • number agreement between N & V within   clause, and   
       (where appropriate) between head N & subordinate V

     • verb arguments:
            hit, feed  →  require a direct object
            see, hear   →  optionally allow a direct object
            walk, live  →  preclude a direct object

        (observed also for head/verb relations in relative 
clauses) 

                                        
                                             

Table 1
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(d)

(f)

(e)

boys who mary chases ...

boys who mary chases feed ...

boys who mary chases feed cats.

(c)

boys who mary ...
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(a)

(b)

boys ...

boys who ...
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boy sees ...

boy lives ...

boy chases ...
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boy ...

(a)

boys ...

(b)
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FIGURE LEGENDS

1.  Network architecture.  Hidden unit activations are copied  along fixed weights (of 1.0) into
linear Context units on a one-to-one basis; on the next time step the Context units feed into Hidden
units on a distributed basis.  Additional hidden units between input and main hidden layer, and
between main hidden layer and output, provide compress basis vectors into more compact form.
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This example was suggested to me by DonNorman. 
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— Insert Figure 9 about here —
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— Insert Figure 7 about here —
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— Insert Figure 5 about here —
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(b) Verb argument structure in simple sentences

§ EIL'Z�$C t �I�M��>~�F<! '=?>@��$BAs89$B #D#EHGj=?EI��<M�\;B��JHJI�'>KEH<�L7"�<�EH<dEH=?EI"�JY<M��Z�<q"�<MDT=?�! '<q"VU� '$C�s;_$P�'z #"�Gj�@��;!=?�! �=?�d$B � fD#EH;_;_ �$B �<!=dU� '$C�f=?�\89 F� 1
— Insert Figure 3 about here —� �! �<w=?�! NU\ '$C��EI�

lives i =?�! N<! �=?>@�'$CA.¨½�! ��x89 'G�=C"�=?EI�'<fEI�d=_��"�=F=?�! N;B��JHJI�'>KEH<ML�EH=? �z�>KEHJHJ��\ 
^�ð ^�2 >K�!EHG���EI�FEH<�;B"�G�=x=?�! T��<!JH�n�IZ9GjG� #�)�)�'$!89 '$CzgEH=?=? FD��F�s=?�! TLY$P"�zgz�"�$!EH<�=?�!EI�FG��'<!=? ��x=C4 1�� �! 3U� '$C�
sees, 

�'<O=?�! n�'=?�d '$3�M"�<MD i z�"��K �EH=?�! �$3�\ s;B��JHJI��>q #Dn�F�h" ^×ð ^ i �'$���89=?EI�'<M"�JHJH�{�F�h"�D#EH$B �G�=3���Ylm �Gj=2 >K�!EHG��Rz�"��K�\ {"��IE�<MLYZ9JI"�$T�'$W89JHZ�$P"�Jd<M��Z9< i �'$W89$P�'89 �$6<��'Z9<M4 1 § EH<M"�JHJH� i =?�! 7U� �$B� chases
$B �]

pYZ�E�$B #�k"eDFEH$C 'G�=
 
�'�'lm �Gj= i "�<MDq=?�! �<! '=?>@��$BAOJH #"�$B<M�M=C�� '�x89 �Gj=6"�<M��Z�<[;B�'JHJ��'>KEH<ML�=?�!EI�X"�<MD~�'=?�! �$U� �$B�&��EH<K=?�! e�)"�zg kGjJI"
�)� 1
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� �d 7=?$%"�EH<!EH<�LqD�"�=C"X>K �$B {L' '<! �$P"�=_ #D{;_$P�'z =?�! {LY$P"�zgz�"�$T�IZ9zgz�"�$BE��
 #D{EH< � "��FJH �
1 � =
"�<!�KL'EHU� '<e83��EH<!=9D#Z�$CEH<MLN=?$P"�EH<!EH<ML i =?�! 6=?$%"�EH<dEH<MLu�I �=#G���<M�IEI�I=? FDn��; � � i �
�
���I �<!=? �<!Gj #��>K�!EHG��e>K '$C 89$B #�I �<!=? FD�=C��=?�! N<! '=?>@��$BA � =?EHzg F� 1�2 � �!�F ';B��$B i �I �<!=? '<dGj #�!>K '$C �Gx��<!G�"�=? '<M"�=? #Dq�)��=?�M"�=F=?�! �EH<!]89Z9=��I=?$B #"�zË89$P�'G� � FD# FD �Iz��F��=?�!JH��>KEH=?�M�'Z9=\�F$B #"�A��!�\ �=?>K ' �<g�I �<!=? '<dGj #� 1 4!£@�'>K �U� �$ i =_�d �Gx��zg]83�F�IE�=_E��'<R�';F=?�! F�I u�� '<!=? �<!Gj #�dUV"�$BEH #DK��U� '$&=?EHzg 1�� �d N;B�'JHJI��>KEH<ML�=?$%"�EH<!E�<MLX$C #LYEHzg �<w>@"
�dZW�I #DuEH<
�'$PD# '$�=B�k89$%��U�EID# �;B�'$�EH<!G�$B �zg '<!=C"�J#=?$P"�EH<!EH<ML 16� �! k<! '=?>@�'$CAw>@"
��=?$%"�EH<d FDR��< � 83"
�)�� F��=?�!$P�'Z3LY�
 #"�Gj�@��;!=?�! �;C�'JHJI��>KEH<ML | G��'$C83�'$P" 1

Q �M"
�I � ¯ � �! k;_EH$P�I=d=?$P"�EH<!EH<MLf�I �=dG��'<M��EI�I=? FDe ��xG�JHZ3�IEHU� 'J��[��;��IEHzg89JH e�I '<d=? '<!G� F� 1W� �!EI�9>@"
�"�G�Gx��zg89JHEI�I�! #D7�\�u 'JHEHzgEH<�"�=_E�<ML�"�JHJ�$C 'J�"�=_EHU\ NG�JI"�Z3�I F� 1&� �! v$C F�IZ9JH=#>@"
��"MG��'$C89ZW�V�'; t
| i � � � >@��$%D��;B��$BzgEH<ML � � i �
�
�s�I '<!=? �<!G� F� 2  #"�G��@�I '<d=? '<!G� �E�<!GjJHZ3D# F��=?�! k=? '$CzgEH<M"�J ^`1a^ 4 1
Q �M"
�I 0 ¯ � �! u<! �=?>@�'$CAO>@"
��=?�! �<[ ��x83�F�� FDK=C�K"��I �Gx��<MDKG��'$C89ZW����; � � i �
�
���I �<!=? '<!G� #�>K�!EHG��fGx��<M�IEI�I=? #DK�'; 0
�Dñ Gx��zg89JH '�f�I '<d=? '<!G� F��"�<MDK� �Dñ �IEHzg89JH u�I �<!=? �<!Gj #� 2 Gx��zg89JH '�f�I �<!=? '<!G� F�

>K '$C u�'�F=C"�EH<! #Du�\��89 �$BzgEH=?=?EH<ML�$C 'JI"�=?EHU� NG�JI"�Z3�I F�)4 1��  F"�<R�I '<d=_ �<!G� NJH '<�LY=?�w>@"
� t�1 �
0e2 zgEH<!E�zgZ�z
t >@�'$PD�� i z�"��xEHzgZ9z ��t >@�'$PD&�o4 1

Q �M"
�I t ¯ � �! s=?�!EH$PDnG��'$C89ZW��EH<!G�$B #"
�I FDn=?�d 789 �$BG� �<!=C"
LY n�';9G��'zg89JH ��:�I �<!=? '<!G� #�V=C� � � ñ i>KEH=?�Kzg #"�<@�I '<d=_ �<!G� �JH �<MLY=?�@��; |�1 t
�n2 zgEH<!EHzgZ9zò¯ t >@�'$PD�� i z�"��xEHzgZ9zò¯ ��t >@�'$PD&�o4 1
Q �M"
�I | ¯ � �! @;B�'Z9$C=_� Gx��<M�IEI�I=? #D �'; � � i �
�
���I �<!=? �<!Gj #� i � �Dñ G���zg89JH '� i 0
�Dñ �IEHzg89JH 1

�  #"�<@�I �<!=? '<dGj kJH '<�LY=?�K>@"
� �
1 � 0n2 zgEH<!EHzgZ9zò¯ t >@�'$PD�� i z�"��xEHzgZ9zò¯ �
� >@�'$PD&�o4 1� �dEI�3�I=C"
LY FD�JH F"�$C<!EH<MLf�I=?$P"�=? FL'�f>~"
�3D# 'U\ 'JI��89 FD�EH<K$C #�I83�'<M�I X=B�S$C F��Z�JH=C�3�';d #"�$BJHEH �$�89EHJI��=
>@�'$CA 1\� <u=?�!EI�F>@��$BA i EH=x>@"
�#;B�'Z9<MD�=?�M"�=x=?�! 3<! �=?>~��$CAs>@"
�FZ9<M"��FJH 3=C�WJ� F"�$C<�=?�! 3=C"
�IAT>K�! '<KLYEHU� �<=?�! �;_Z9JHJ!$P"�<MLY q��;�Gx��zg89JH '�[D�"�=C"k;_$%��zÍ=_�d ��F FLYEH<d<!EH<MLO��;V=?$P"�EH<!EH<ML 1 £@��>K 'U\ '$ i >K�d '<[=?�! �<d '=?]>@�'$CA�>@"
��8� �$CzgEH=?=_ #D7=C�N;B��GjZ3����<f=?�! 7�IEHzg89JH '$WD�"�=C"M;_EH$%��= i EH=#>@"
��"��\JH v=C�vJH F"�$C<f=?�! v=C"
�IAqpYZ9EHGjAFJH�"�<MDq=_�d '<gz��'U\ O�'<��IZ9G�Gj #�)�I;_Z9JHJH�:=C��z���$B �G���zg89JH '�n83"�=?=? '$C<M� 1e� �! �EHzg83��$B=C"�<!=v"
�I89 'G�=�=C��=?�!EI�
>@"
�í=_��"�=�=?�! X #"�$BJHEH �$V=?$%"�EH<dEH<MLkGx��<M�I=?$P"�EH<! FD�JI"�=? '$VJH #"�$B<dEH<MLkEH<h"3ZW�� ';_Z9J}>@"��Fbk=_�d X F"�$CJH�e=_$P"�EH<!EH<�L
;B��$BG� FD�=?�! �<d '=?>@�'$CA�=C�X;B��G�ZW�g��<nG�"�<M��<!EHG�"�JrU� �$%�IE��'<M�M�';\=?�! �8�$P���\JH �z��í>K�!E�Gj�["�8983"�$B �<!=?JH�eG�$C ']
"�=? FD:"sL\�#�FDe�&"
�IEI��;B�'$�=?�! �<@�)�'JHU\EH<MLT=?�! kz��'$C fD#EH;_;_EHG�Z9JH=d;B�'$Cz��W�';!=?�! e�)"�zg k89$%���\JH �z�� 1

Results� =d=?�! kG��'<!G�JHZ3�IEI��< �';d=?�! k;B�'Z9$C=_�{89�M"
�I e��;!=?$P"�EH<!EH<ML i =?�! k>K �EILY�!=C�9>q �$C k;_$%�i�
 '<h"�=d=?�! �EH$;_EH<M"�J}UV"�JHZ9 #�W"�<MD�<! �=_>@��$BAf89 �$B;B��$Cz�"�<!Gj X>@"
��=? #�I=? FDO�'<h"W<M�'U\ 'J9�I �=���;MD�"�=C" i LY '<d '$P"�=? FDeE�<K=?�! �)"�zg �>@"��["
��=?�! �JI"
��=!=?$P"�EH<!EH<MLTG��'$C89ZW� 1 �� 'G�"�ZW�� �=?�! �=C"
�IAwEI��<M��<!]BDF �=? '$CzgEH<!EI�I=?EHG i =?�! �<! �=?>@�'$CA>KEHJHJ 2 Z9<!JH #�)��EH=�zg 'z���$BE��
 #��=?�! K�I #pYZ� �<!G� F4&"�JH>@"����V8�$P�FD#Z9G� u '$C$P�'$P� 1s� �! {�'89=?EHz�"�J��I=?$P"�=_ #LY�qE�<
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2c| �&4 � �FL >K�M��G�"�=dG��M"
�I #� �I � F�WL'EH$BJ 1

¥�<f=?�! u�'=?�d '$&��"�<MD i �I �<!=? '<dGj 2c| Gx4 i >K�!EHG��R�I � 'z��d=C�NG���<!;B�'$CzÑ=C�N=?�! N83"�=?=? '$C<f F��=B"��FJHEI�I�d FD7EH< 2ct 4
"�<MD 2c| "
4 i EI��Z9<MLY$P"�zgz�"�=?EHG�"�J 1

2c| G�4ôó � �#L >K�M�kG�"�=!G��M"
�I #�WD��FL �I � F�WL'EH$BJ 1

�rEHzgEHJI"�$!Gx��zg89JHEHG�"�=?EI�'<M�&"�$CEI�I W;B��$í=?�! �"
LY$B � �zg '<!=C�F;B"�G�=C� 1d� <q�IEHzg89JH TD# �GjJI"�$P"�=?EHU� ��I '<!=? �<!G�]
 #�3"
L'$B � 'zg �<!=\EH<!UV��JHU� F� ëq/=õwìg/�ö@� <nG��'zg89JH ��{�� '<!=? �<!G� F� i �IZ9Gj�g"
� 2c� "
4 i =?�M"�=\$C FLYZ9JI"�$CEH=?�eEI�íU�EI�']JI"�=? FD i "�<�Dq"�<d�O�I=?$P"�EILY�!=?;B��$B>@"�$PDK"�=_=? �zg89=F=C��L' '<! �$%"�J�E��
 �EH=#=B�u�I �<!=? '<!G� #�!>KEH=?�wzgZ9JH=?EH89JH NGjJI"�Z3�I #�>@�'Z9JIDeJH F"
De=C��=?�! kZ9<MLY$P"�zgz�"�=?EHGx"�J 2c� ��4 1

2c� "
4 � �#L >K�M�k��������;_ � FD �� ' #�WLYEH$CJ 1

2c� �&4ôó � �#LT>K�M� �&�'����;_ � #D&� �I ' eLYEH$CJ 1

(d) Recursion� �d �LY$P"�zgz�"�$&89 '$CzgEH=C�!$B �G�Z�$P�IEI��<w=?�!$%��ZWL'�w=?�! �89$C F�� '<!G� u�';\$C 'JI"�=?EHU� NG�JI"�ZW�I 2 >K�!EHG��w ��x]
83"�<MD�=C�X<M�'Z9<{89�!$P"
�I #�9>K�!EHG��{zy"��fEH<!=?$P�FD#Z9Gj X�\ �=V��=_�d '$V$C 'JI"�=?EHU� XG�JI"�Z3�I F� i  '=?G 1 4 1À� �!EI�íJH F"
D��9=C��I �<!=? '<!G� #�3��Z�G��g"
� 2_� 4�EH<n>K�!EHG��n=?�! �L'$%"�zgz�"�=?EHG�"�Jr89�! '<M��zg '<�"W<��'=? FD�EH< 2 ��õ�� 4
z�"��e�\ � '�x=? �<MDF]
 #DR��U� '$�"6G��'<M�IE�DF �$%"��FJH eDFEI�I=C"�<dGj 1

2_� 4��W�'�&� >K�M�fL'EH$BJ�� >K�M�fD��#L\��G��M"
�I �I � �! #"�$ 1

(e) Viable sentences¥�<! K�';&=?�! uJHEH=? �$%"�JI��EH<M�� '$C=? FDK�F�q=?�! KLY$P"�zgz�"�$6EI� ^×ð ^ i >K�!EHG����'G�G�Z�$P��"�=&=?�! u �<MD@��;v�I �<!]=? '<dGj #� 1k� �!EI�� '<�DF]B��;_]B�I �<!=? '<!G� sz�"�$CA\ '$3G�"�<O8W��=? '<d=_EI"�J�JH�@��G�GjZ9$�"�<!�\>K�! �$C 7E�<�"���=_$CEH<ML7>K�! �$B n"
LY$P"�zgz�"�=?EHG�"�J&�I '<d=? '<!G� �zgEILY�!=!�F T=? �$BzgEH<�"�=_ #D 1�� �dZW�&E�<~�I '<d=_ �<!G� 2 �
4 i =?�! TG�"�$C '=C�&EH<�DFEHG�"�=? T83��]�IEH=?EI��<M��>K�! �$B e" ^§1a^ zgEILY�!=dJH #L\"�JHJH�[��G�GjZ9$ 1

2 �
4>�W�'�&�W�I ' ¦÷qD&�#L\�n÷�>K�M�f�I � ¦÷ÑLYEH$CJI�n÷�>K�����! #"�$�÷ 1
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2c0 "
4 � ���!<K;_ ' #D��WD&�#L\� 1
2c0 �&4ïót�W�'���3�I ' #� � "�$C� 1

� �'$PD��À"�$B X<��'=\z�"�$BAF FD�;B��$V<!Z9zg�F '$ 2 �IEH<MLYZ9JI"�$   89JHZ�$P"�JI4 i ;B�'$CzËGjJ�"
�)� 2 U� '$C�   <M�'Z9< i  '=?G 1 4 i�'$wL'$%"�zgz�"�=?EHG�"�J�$P�'J� 2 ��Z��'lm 'G�=   ���Ylm �Gj= i  '=?G 1 4 1 � �! {<! �=?>@�'$CA~zgZ3�I=WJH #"�$B<�;_EH$P�I=W=?�M"�=W=?�! �$B h"�$C 
EH=? 'zy�&>K�!EHG��q;?Z�<!G�=?EI�'<@"
��>q��"�=!>K �>@�'Z9JIDfG�"�JHJF<M��Z9<M� i U� �$C��� i  '=?G 1 b7=_�d '<KEH=!zgZ3�I=!JH #"�$B<K>K�!EHG��EH=? 'zy�&"�$C W ��!"�zg89JH F���';!�IEH<MLYZ9JI"�$M"�<MD�89JHZ9$%"�JHb
"�<MD�=?�! '<uEH=xzgZ3�I=xJH #"�$B<u>K�!EHG���<M��Z�<��&"�$C T��Z��'lm 'G�=C�
"�<MD >K�!EHG��é"�$B ���Ylm �Gj=C� 2 �IEH<!G� "
LY$C ' �zg '<d=K�'<!J�� �M��JID��f�F '=?>K � '<é�IZ��'lm �Gj=7<M�'Z9<M�:"�<MD =?�! 'EH$
U� �$B�&�)4 1
(b) Verb argument structure«  �$B�&��;B"�JHJ�EH<!=C�s=?�!$C ' sG�JI"
�)�I F�G¯P=?�M�F�� 7=?�M"�=í$B #pYZ�EH$C nDFEH$C �Gj=3���'l� �G�=C� i =?�M�#�I 7=?��"�=989 '$CzgEH=3"�<�'89=?EI��<M"�J!D#EH$B �Gj=&���Ylm �Gj= i "�<MDu=?�M�F�I N=?�M"�=\89$C 'G�JHZ3D# �D#EH$B �Gj=&���Ylm �Gj=C� 1 � �M"3$C F��Z�JH= i �I �<!=? '<!G� #� 2ct "�]BD&4"�$C fLY$P"�zgz�"�=?EHG�"�J i >K�! '$C #"
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— Insert Table 1 about here —
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Task and Stimuli 

The prediction task. 
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