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The meaning of a complex expression is determined 
by the meanings of its parts and rules used for 
combining them.

--- Gottlob Frege



I reject the contention that an important
theoretical difference exists between formal and 
natural languages.

--- Richard Montague



To conceptually relate any two things, it is 
necessary that they belong to a common category.
the clearest exposition of the whole matter may 
involve presenting the two things themselves as 
citizens of that third category.
Thus, if we construe theories as categories, 
models are functors!

--- F. W. Lawvere
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��� –
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n Deep parsing in Watson
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Agenda

o Minimalist Program! Categorial Grammar
o Lambek vs Lambek

Categorial Grammar!Pregroup Grammar
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o CCG (Combinatory Categorial Grammars)
�
Semantic Parsing
n Semantic Parsing with Combinatory Categorial 

Grammars
o DisCoCat (DIStributional Compositional 

CATegorical) ��
��
n WHAT IS APPLIED CATEGORY THEORY ?
n Compositionality in Semantic Spaces
n Mathematical Foundations for a Compositional 

Distributional Model of Meaning



Appendix Quantum Semantics

o A quantum teleportation inspired algorithm 
produces sentence meaning from word meaning 
and grammatical structure

o Open System Categorical Quantum Semantics in 
Natural Language Processing
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Alexa IntentjbkR�3

o �:R�R.6R��X'$E� H>JR��Q�DM)
HG
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o �#/QS>�:R�R�&P.6X>(RUCP�*N	
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n Skill: .6RdiYlX	<IW?
n Intent n cfaZ?.6R��X�FG��IW?
n Slot: IntentR�!?IntentE;9IW��X���IW�
X
�L?ha`HK�S>'$R�R.6QT�-NFW?

n Slot type: Date, Location, … 1R�OJRYl^_l^R]
gmc?�:R�R.6OSlot typeRYl^_l^OR2�ha`
l[?SchemaR]gmc?

n Intent signature:  BWIntentRTONR"�Re_mlX�
�IW?BW0R"+%8R57?



Slot Type
Numbers, Dates, 
and Times



AMAZON.Actor
AMAZON.AdministrativeArea
AMAZON.AggregateRating
AMAZON.Airline
AMAZON.Airport
AMAZON.Animal
AMAZON.Artist
AMAZON.AT_CITY
AMAZON.AT_REGION
AMAZON.Athlete
AMAZON.Author
AMAZON.Book
AMAZON.BookSeries
AMAZON.BroadcastChannel
AMAZON.CivicStructure
AMAZON.Color
AMAZON.Comic
AMAZON.Corporation
AMAZON.Country
AMAZON.CreativeWorkType
AMAZON.DayOfWeek
AMAZON.DE_CITY

AMAZON.DE_FIRST_NAME
AMAZON.DE_REGION
AMAZON.Dessert
AMAZON.DeviceType
AMAZON.Director
AMAZON.Drink
AMAZON.EducationalOrganization
AMAZON.EUROPE_CITY
AMAZON.EventType
AMAZON.Festival
AMAZON.FictionalCharacter
AMAZON.FinancialService
AMAZON.Food
AMAZON.FoodEstablishment
AMAZON.Game
AMAZON.GB_CITY
AMAZON.GB_FIRST_NAME
AMAZON.GB_REGION
AMAZON.Genre
������
������
AMAZON.WrittenCreativeWorkType

Slot Type
List Type
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Entity KFM9��

o Entity : “is-a”6��->=�%7&	'?�3$
Maruyama “is-a” Person; Maruyama “is-a” Fool
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Thing > CreativeWork > Game > VideoGame
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Entity Model % Action Type

o �'�!+�'�Entity Model)�
(���$����&
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o Schema.org)2011	'���,("��3	
(2014	�
Action Type.���!�Schema blog: ”Announcing 
Schema.org Actions” https://goo.gl/eu2jmf

o Thing > Action
o Thing > Intangible > Enumeration > 

ActionStatusType

https://goo.gl/eu2jmf


<!-- John listened to Pink with Steve at Anna's apartment on his iPod. -->
<script type="application/ld+json">
{
"@context": "http://schema.org",
"@type": "ListenAction",
"agent": {
"@type": "Person",
"name": "John"

},
"object": {
"@type": "MusicGroup",
"name": "Pink!"

},
"participant": {
"@type": "Person",
"name": "Steve"

},
"location": {
"@type": "Residence",
"name": "Ann's apartment"

},
"instrument": {
"@type": "Product",
"name": "iPod"

}
}
</script>

Action Property
actionStatus
agent
endTime
instrument
error
location
object
participant
result
startTime
target

https://schema.org/Action

Action Type ���	�
�
��
��

https://schema.org/actionStatus
https://schema.org/agent
https://schema.org/endTime
https://schema.org/instrument
https://schema.org/error
https://schema.org/location
https://schema.org/object
https://schema.org/participant
https://schema.org/result
https://schema.org/startTime
https://schema.org/target


<!-- John created an exercise plan with Steve. -->
<script type="application/ld+json">
{

"@context": "http://schema.org",
"@type": "CreateAction",
"agent": {

"@type": "Person",
"name": "John"

},
"result": {

"@type": "ExercisePlan",
"name": "John's weight loss plan"

},
"participant": {

"@type": "Person",
"name": "Steve"

}
}
</script>

Action Property
actionStatus
agent
endTime
instrument
error
location
object
participant
result
startTime
target

https://schema.org/Action
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https://schema.org/actionStatus
https://schema.org/agent
https://schema.org/endTime
https://schema.org/instrument
https://schema.org/error
https://schema.org/location
https://schema.org/object
https://schema.org/participant
https://schema.org/result
https://schema.org/startTime
https://schema.org/target
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Encoder / Decoder
Hinton�Autoencoder

%',()+&#$*,"����Encoder-Decoder���
�!�	����
�����Hinton� 2006�
� �Reducing the Dimensionality of Data with 
Neural Networks” �� �https://goo.gl/Ki41L8
Google�%',()�
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https://goo.gl/Ki41L8
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Attention Mechanism
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Bahdanau, D., Cho, K., and Bengio, Y. �Neural 
machine translation by jointly learning to 
align and translate” https://goo.gl/HZxbNH

https://goo.gl/HZxbNH


Bahdanau, D., Cho, K., and Bengio, Y. 2Neural 
machine translation by jointly learning to 
align and translate” https://goo.gl/HZxbNH
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"Google’s Neural Machine Translation 
System: Bridging the Gap between Human 
and Machine Translation”

Yonghui Wu et al.
https://goo.gl/YqlAAW

2016�

http://karpathy.github.io/2015/05/21/rnn-effectiveness/
https://goo.gl/YqlAAW
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���������
��

Attention



��6��/=1CXND

o WMT‘147��YEnZ<-> OTWD�YFrZJXFEGK68$
3,600�7�7Q?+	9=3(<%

o WMT‘147��(En) <-> L@H�YDeZJXFEGK68$
500�7�7Q?+	9=3(<%

o Google8$�!6$�� <-> ���YJaZ$�� <-> #

�YKoZ$�� <-> DQ@W�YEsZ$�� <-> RUKAU
�YPtZ �&7�-7JXFEGK>
23(<+$07��8$
�7WMT7JXFEGK:;$ 2�3��,(5()%

o GoogleMSXTU����48$GPU100�>�23$OU
KVXMWB68��1,000�DIGP$��94683 "
**<.5+'<5()%
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�,
�/����7compositionality8 
o �0��.�)+�#3��%54

o �/
�0��/
�.�	(4

n ���.�&"$
�$-"�2!4
Colorless green ideas sleep furiously.

o �/
�0��/�����.�	(4

n �*/
�6�*�!"1"-�
I saw a man with a telescope.

o ��$�-)+"+2���' 
�6�*�$	�(4�

o ��$�-)+"+2���' 
�6�*�$	�(4�


�/���� / 
�/����/	�
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Grammar /

Syntax

�+��+
$��%

Semantics

Intent415 X X X

Entity415 Entity+
Ontology X Action Type+

Property

���!415 X X
���3025
*-.����
7�#+��8
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�,
�/����7compositionality8 
o �0��.�)+�#3��%54

o �/
�0��/
�.�	(4

n ���.�&"$
�$-"�2!4
Colorless green ideas sleep furiously.

o �/
�0��/�����.�	(4

n �*/
�6�*�!"1"-�
I saw a man with a telescope.

o ��$�-)+"+2���' 
�6�*�$	�(4�

o ��$�-)+"+2���' 
�6�*�$	�(4�


�/���� / 
�/����/	�
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�+��

Grammar /

Syntax

�+��+
"��#

Semantics

Word2Vec 
��715;
*-.����

= =

IBM Watson�
+6<2015

��!�
English Slot 
Grammar ���

Combinatory
Categorial
Grammar

��!�
Categorial
Grammar 	�$:83�

DisCoCat 
��715;
*-.����

Pregroup
Grammar


��715;
*-.����

�� (��

��)��+��/��%'94;,��&.
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Grammar /

Syntax

�-��-
$��%

Semantics

Word2Vec 
��937=
,/0����

? ?

IBM Watson�
-8>4237

!�#�
English Slot 
Grammar ��


Combinatory
Categorial
Grammar

!�#�
Categorial
Grammar 	�&<:5


DisCoCat 
��937=
,/0����

Pregroup
Grammar


��937=
,/0����

Functor Semantic
��"*��

��+��-��1� ');6=.��(0

Curry?Howard��
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-- Deep Learning��	� --

Word2Vec
Scene Graph

Image Sentence Mapping



Word2Vec
�����
�	��

“Linguistic Regularities in Continuous 
Space Word Representations”

Tomas Mikolov et al.
http://goo.gl/j25y8s

2013�

http://goo.gl/j25y8s


Word2Vec

o 2013�(�Google)Tomas Mikolov.*�� �,
�+0$4235�� �����(6���(-�
�
��(-7���	�1�%&�/!'1��#/�

o “We find that these representations are 
surprisingly good at capturing syntactic and 
semantic regularities in language, and that each 
relationship is characterized by a relation-
specific vector offset.” (Linguistic Regularities in 
Continuous Space WordGoog Representations 
http://research.microsoft.com/pubs/189726/rvecs.pdf )

o Jeff Dean-�!)��(��"&���)�
 �+/�

http://research.microsoft.com/pubs/189726/rvecs.pdf


Word2Vec

o Google Code(�4<8;6<5& $���1�
https://code.google.com/p/word2vec/ ��'�
�3�-0�

o ��%�21$�097:*��)�#�

n CBOW(Continuus Bag-of-Word”) 97:
�	)�)�,/�.���(�
 !�'�#)�)
��3�+0�

n Skip-gram 97:
�#)����.1"
���(�
 !�'�	)
�)��3�+0�

https://code.google.com/p/word2vec/


http://arxiv.org/pdf/1301.3781.pdf

“cat”

“sat”

“the”

“mat”

“on”

“cat”

“sat”

“the”

“mat”

“song”

Continuous Bag-of-Words

����$#%��	���� ����
��
��"�!�
	���������
"�������
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Collobert et al. (2011) http://arxiv.org/pdf/1103.0398v1.pdf

http://arxiv.org/pdf/1103.0398v1.pdf


 -!�����(*��#��"
�&�%*)�4

o����,���
$���1.03,���

o���
���	��'����
$����
"�+)�

“a few people sing well” ���


“a couple people sing well” ���


o������!��'���.2/#�
���	��'�
���
$����
"�+)�

“the wall is blue” “the ceiling is red”



��%�
�$(&')���*

o Word Embedding��!�������%	�����
�"������#�� �(&')��$"��
�$�

o W(‘‘woman“)−W(‘‘man”) ≃ W(‘‘aunt“)−W(‘‘uncle”)
W(‘‘woman")−W(‘‘man") ≃ W(‘‘queen")−W(‘‘king")



http://arxiv.org/pdf/1310.4546.pdf

�
�������	
���



Word2Vec��������



Word2Vec9��5@02:

o Word2Vec/�.C-:48,E=>')$=��*=��
�9+E(6F>'���<>')�=��*GKRIMO<
47B=9>;,(S"$��<>' Word>'
	�<
� 3FE Lexical Item9+E(T

o Word2Vec/�.E$=%��>'� <��3FE
NRKJMO<�
48,E(� �=NRKJMO=��'
+E,>��<�
4;,9'2FD=%��/��5E
2:G'2=HPQRL!&>�#90;,(

o B4' Word2Vec/'� �NRKJMO<�
4;,$
=%��G�.8,E=;D'6=��>'NRKJMO=
�<�ADF;1F?;D;,(



MAN

WOMAN

KING

QUEEN

� ��

Word2Vec�!�MAN�$WOMEN" )'(*��
KING�$QUEEN )'(*����%����+��,

� �� #��#�	���!�
� ����MAN,
WOMEN�KING, QUEEN ��&
�%���%�
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(��$�MAN�WOMEN%(����KING�
QUEEN(��'��!-�&.,�(�����	�
!-���#*+�� (�(��')���
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MAN

WOMAN

KING

QUEEN
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KING
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WOMAN

KING
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WOMAN

KING

QUEEN
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Word2VecQ)ESQ

o Word2Vec >)CL:WSQZ5+1EWPR5�JQ
-QOEa\^dZ(<WQ>Y=VTE:6FXR�J
Q-Q2�M9V5FQ3VMQ2�Q��H6FXR5
�JQ-Q��Z)ESQMRO:6

oGH5	P*GU;P57"�Q�#8N7-Q�#8Q��
Z(<WN5
Q*�SM?W�P�K@6EOYI57"
�Q�#8Q� P57-Q�#8Q-Z���AWBN5
� P��ZJAWBN>5-P��Z�<L:WN60
P5-R5��$PR5"�Q�#Q�=Z
�EWBN
M5��Z!�EWQHN6

o B;CG*�M5�@Q,-Q/�$-�4%PR5�.
$'�O��2�>9WBNZ&EBN>M?W6FXR5
7�D��Z�JBN8Q`cb][_O)"Z�<W6



Image Retrieval using Scene Graphs

Scene Graph

Justin Johnson et al.
http://goo.gl/xAmz6E
http://goo.gl/3GCrXM (samples)

2015�

http://goo.gl/xAmz6E
http://goo.gl/3GCrXM
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���scene graphs�?

“A blonde white girl is standing in front of an orange cone on 
a lined tennis court and is holding a long heavy yellow wide 
racket that has a black handle. The girl is wearing a white 
shirt; there is a bent arm in front of the shirt and another 
bent arm beside the first. There is a round yellow logo on 
the shirt, and the logo is beside hands that are on the 
handle of the racket. There is a black fence behind the girl, 
and the girl has brown eyes above a closed mouth. There 
are butterflies barrettes in long blonde hair, and the hair is 
in a ponytail.”

(*) ��'

�%�"���� ��!�
�$���%��&!�� � #����	��
'��%����%�



`WIscene graphsO?
+	b��5(aEntity}x�i�*

o+	 1aISNUY3&:?]b<Ai
*VgYda
cI"bfN`S^P�7a`gJ
n wnty�b-��'D�b9#J

n !B�Th\M`MwmtyiI!B�ThYtuplea��VgS^
]ID�b��i�4VgJ

n Sbtuplei!�Vg��iIwmty]<AThYG�b�a�
.[RgJ

o SNUY�)bzk|�k�i�4VgS^cI��iEZ
\ev~��s�o`@H]LgJXU\I
a8YfN`
>2`wmty]cItp��U`MJ

o$�%Q=;ThY��q�k�u�{l�tb�]cI
�C�]c`M0�]eI_j`6F`r��o�{]eI
/�a�hgS^iI�Kc,8UYJ



Scene Graph

o���.��+/-#���2�
$*�&1"�%7?
=2��>��>�	�+6<:�%0�
we use Amazon’s Mechanical Turk (AMT) to 
produce a human-generated scene graph.

o�(*!0./�
(1) 4;8359.��,���
(2) ��$'�).4;8359.����>�
.���
(3) 4;8359.�	.��
+ 0�
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*�����!�.�
'824
)�"(�-���3=6:)�"
(�.�9;7*��)�(�.�
3=6:*824(�"���(�
���*824�3=6:�9;7�
��))�(�.�

1=;<095 ,�����(+.1=;)
��/��$.#&*���%�.�
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Scene graph7"��#

o Scene graph2��:'%*38�0$=!

o�08 ��5< ��5BFE7ADFC($>9 �
2; ,';4@5��5scene graph2;�
2)=3
%&*3/!*>8 ��7��682)5%*3/!

o ;&�08 �
+>.scene graph? ���
�6
"�#6	�2)=3%&*32$=!->8 ��7��2
;2)-&2$=!G�<8 ->?,1%5%7/(H

o *&,1	�+>.�8 ��7��?��,1%=!
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Scene Graph
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1��GSRTQ2G��D=G���

o Scene graph G��%>@H/!�FH�P��<M
O8CHE30=G��CH/=NH/�,G�3��C
G'(&�P!�F�- F��;>KGCHE30

o 9G�/��:NB3MGH/Chomsky5'4
1=G�C/'(&�5�7��GSRTQ5��<M0=
;B/'(G+	G"#5
L$JI6
.5��<M0
<EO@/'(��G/�,FK���&E��GSRT
Q2?D�AB330

o=NH/�*P�A>/��PFE4�F)3KGP��
<M0
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I-Language
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Externalization

��

Semantics

Minimalist Program
������
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Scene Graph Scene graph#
���� $�
���5��(4/
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“Deep Fragment Embeddings
for Bidirectional Image Sentence 
Mapping”

�	��

��������
����������������

A. Karpathy

Andrej Karpathy et al.
https://goo.gl/neBTk6

2014�

https://goo.gl/neBTk6


��
).' ��������+%�����!#"�
��).'� �������“A dog with tennis ball is 
swimming in murky water” ���������!#
��"�

�����$���
"Marie-Catherine de Marneffe�
(.,��	��$������$*-.&���"�



'#).���1��2��/
46-�2��8 ��3 
��2�/��+5!�2	2��3 ,68�)."5!

'#)-��8�*. ��2��0 ��2��2��$ 

�(6."&!��$�750 ,2���$/%."5!
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COX\`bZORI�9

o�<O][_N:P:.�O�9W�V�M>;
][^aYL>?2#AT/VQ:�"'M���O3�
,�O�%P:
+MROHB:>IR7
LP9TM>;
)�N:
�O01'��W45EJ>U
�O.�*
P:.�O�O�$N	-FUCLB=U;�@Q:
“black and white dog” P:�IO8� (CONJ, 
black, white) L (AMOD, white, dog) LN!�3�
DVU;6N:&��KP:�(M �W�GM>:��
'M8�B:����FU;c�@Q: “each other” O
S?N;d



S`puyzr`fZ�E

o Ti_H “three children playing” `hM^txzqaHK
k-�`�`;<2��o>@U[Lk`YPHvsw�T
l^LI�"\H�JaH�?g�Z`?`5d�nWhjH
SMUX{ )2|D�PHhj�
^8.o/d
VS]o3
U[QXI `!,`Hhj*�+L�LPHTi^k�7c]H
�Jo�RYmMI

o 0	`�\=NbHRCNN`G&��E{non-maximum 
suppression|PH$]U[H�NbH��`�C`�_H9
�`�Co'
VkS]PKkIS`vswaH '
_ZL[
aHLO^k4C2��f6�U[L^L`\H��`1^k
�C]��`�C`A�^'
`KLY`%#To^RVS]
aHS`vsw_aFULI

Karpathy`Sli`��aH(e[B:\KkI



“Deep Visual-Semantic Alignments
for Generating Image Descriptions”

Andrej Karpathy, Li Fei-Fei
http://goo.gl/efGBgN

2015�


����	���������������
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A. Karpathy

http://goo.gl/efGBgN
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o�6H
�%F�
I4�0GJBC�:M@�(I4
$�H�H"�H4@A'KMC8F8�+N� >C8
LE-9<ED7L5

o�6I4<H2M@��1�N�.>@8E�95*�%
F&�I4$�3	:K<MKH�=F�!N#�?L<
EN�,?L<ED7L5

o�6I4QYTPRXN\^R�;>C4$�3	N��1
�H��/G���;L4KarpathyKHOZ]_VH�
G4SUW[N�)>@5



“Generating Typed Dependency Parses from 
Phrase Structure Parses”

	�����

���
���������

�����

Marie-Catherine de Marneffe, 
D. Manning et al.
http://goo.gl/wSSwBR

2006�

http://goo.gl/wSSwBR


Visual Semantics �����



+M��;U4�M��P

o"�Mcaption�>
-M�V%RN4' *+M��
�!LJFH4JHT(�O;9�2Z�,BH9W5
@@IN46+M��7INK=6�M��7<4QD4�M
6��#�.7<4bejfgic`ahj^M�&IN

SH4$�#i0�#L�V�?UXH9W;UI8W5

o TEY[4caption�>M��LKFH9WMN4"��
M]d_\^M��JCM	3I8W5CXN4"�M�
/J6+7M���>I8W5��L4CXN4�M�/J
BHM6+7J4"�M���>IT8W5

o)�M"�;U�GM"�<��AX4)�M+;U�
GM�<��AXH9WJ9:4��1�<8W5



�E`=&�Y��%e1RJb

o Karpathyk+ de Marneffel Y6\Z=Cd[=�E`
NY&�YkKY
�Z'�PFl=��%e1RJ_DU
Mb^YTBb>NYO]W=�e�"(W3�MbKU
E`�]b>KcZ= LCfhijgPU�D>

o KYfhijgYCIREY�/(V
<Z=�W1O_
DW=Karpathy.9F!�CSCb>KcZ=��(W
Z=�"Y
<TBb>

oOP=.$47�e=*2�-V��Mb�8WEHQO
LS^=;�'�E`Z=&�Y�%Y:�e +WZ�
�TGVCkBb�	=@#C%XPaAVYPFl>

o Scene graphe47�MbU=,�Z=@...FBb>AUC
D0&W�)Mb>OP=.$47Y�Y��Z=�?V
:�e0M@�5AVYTBb>
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o56%A7;�.<�$A)D&�-%4EB+��-
�
;29*D>?%�	>'A>(6/:?<*& de
Marneffe�!-)09*DGJHI “Bills on ports 
and immigration were submitted by Senator 
Brownback, Republican of Kansas.”?%�	= .
51;=��29*D>6-%A>��>��<
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:?%4>

�F�8/D>?�#:)D&

o�	:?<*A>A%��%��:����:)D&
'�"?�:)D&��?@6<*(=%
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Karpathy + de Marneffe
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Karpathy + de Marneffe



A`N]Q=?�V��@f+Db

oMV��RW=ChomskyVBC=��V?�"�*@?�
:5,pexternalistq@��W=/�YFB>

oNO='
ZVcaption�IV_CTglnokG=�0
OSW�eTB>McW=�#V36SBC)�V�OS
KQ^p<C`HW=McG�#V9�V36U[R��L
bJSf �KQBbVOGq=�V��S�V!8UPB
Q=�Ff1PI�KQBHRAdC>

oEM`HW=��V�(W=%�V�(SRWTH=�V&
\�L�(S��LbJSUTbVOS�C>7U2DX=
�;V24-
JMG=%��(V��f�]Q=��
V�(f$.VijhmR	a�KQBbVRAb>
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Minimal Recursion Semantics
Deep parsing in Watson



Minimal Recursion Semantics: 
An Introduction

ANN COPESTAKE, DAN FLICKINGER, CARL POLLARD 
and IVAN A. SAG
2005�
http://lingo.stanford.edu/sag/papers/copestake.p
df

http://lingo.stanford.edu/sag/papers/copestake.pdf


Main general criteria for 
computational semantics

o Expressive Adequacy. 
The framework must allow linguistic meanings to 
be expressed correctly.

o Grammatical Compatibility. 
Semantic representations must belinked cleanly to 
other kinds of grammatical information (most 
notably syntax). 

o Computational Tractability. 
It must be possible to process meanings and to 
check semantic equivalence efficiently and to 
express relationships between semantic 
representations straightforwardly.



Main general criteria for 
computational semantics

o Underspecifiability. 
Semantic representations should allow 
underspecification (leaving semantic distinctions 
unresolved), in such a way as to allow flexible, 
monotonic resolution of such partial semantic 
representations.

The first and second criteria are the object of much ongoing 
work in semantics, only a small subset of which claims to be 
computational in its aims. But computational linguists have 
to balance these requirements with those imposed by the 
third and fourth criteria.



MRS Representation
“Every big white horse sleep”



MRS Representation
“Every big white horse sleep”



Flat representation
“Every big white horse sleep”



MRS Representation
“Every dog chases some white cat”



MRS Representation
“Every dog chases some white cat”



An elementary predication
contains exactly four components

1. a handle which is the label of the ep
2. a relation
3. a list of zero or more ordinary variable arguments 

of the relation
4. a list of zero or more handles corresponding to 

scopal arguments of the relation (i.e., holes)



Future Structure (�)
“every dog probably sleeps”



Introduction to Grammar Engineering 
with HPSG

Yi Zhang
2008�
http://www.coli.uni-saarland.de/~yzhang/ge-
ss08/lecture-05.pdf

HPSG: Head-driven phrase structure grammar

http://www.coli.uni-saarland.de/~yzhang/ge-ss08/lecture-05.pdf


From Syntax to Semantics

o Syntactic analysis helps to reveal the underlying 
meaning of texts

o Need formalism to represent all semantic 
distinctions which are syntactically (or 
morphologically) marked
n Need to underspecify semantic distinctions which don’t 

correspond to differences in form
n Abstract away from non-semantic information (case, 

word order, etc.)
n Language independence



Deep parsing in Watson

M.C.McCord, J.W.Murdock, B K.Boguraev

http://brenocon.com/watson_special_issue/03%2
0Deep%20parsing.pdf

http://brenocon.com/watson_special_issue/03%20Deep%20parsing.pdf


WatsonI-$�&(P
%�<M"�P�A

o WatsonE-Alexa, Google HomeE2@>/\eU[ad
QSTVcYdSTW^0EH�	H,2I-�H%�"�H
,2G1M.

o WatsonI-�2b]aDI-�P���G��%�;C-
=H�D-�2b]aD-=H)��F
�P��;K3E
<M.$�&(%�H�!JI-ESG(English Slot 
Grammar)E23���)G�B2C2M.

o WatsonI-9H&(%�H"�P��;C-$�&(D
'+:N>Wikipedia�H#	FZR`_cY5L-�
�
:N>�*XeV]eTP��<M9E6D7M.

o>?-WatsonI-93;>%�5L�LN>XeV5L-)
��F�)aeaG�B2C- 4P�;C2MO8DI
F2.



Slot Grammar�����

o���
����	Slot Grammar���������


n “A Formal System for Slot Grammar”
http://goo.gl/KR56Es

n “The Slot Grammar Lexical Formalism”
http://goo.gl/57vxL4

n “Using Slot Grammar”
https://goo.gl/P1ZgcQ

http://l.facebook.com/l.php?u=http://goo.gl/KR56Es&h=ZAQHZrndEAQEJl_nhDlrFMVwYQrL8-sXB8jOWU4_W1xs3Qg&enc=AZOwTAUrqNYZqc84K2hve0YLmvzmVwI5T0uxIDEUr0wDMiUfXx-00VnAtcq1SvY40C0xZv49mcO6xlOfVv5ZyojrB0Xnm0zHPt8oZ_0pcHOikwDedBsqFcaLNdmZfUdLQxNiv8IdX38yP1577HQEQJ__7IYxczkovnav8LHDdS0lrnM7th6iW7CB_HcpuURa48Y&s=1
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subj subject ?�!@
obj direct object ?����!@
iobj indirect object ?$���!@
comp predicate complement ?#!�!@
objprep object of preposition ?�� ��!@
ndet NP determiner ?	 �%
�@
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“Mary gave a book to John.”
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“Mary gave a book to John.”
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o��9�X<62 Word Sense OE<L\M\X>�
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∃e∃y( book(y) ∧ give1(e, Mary, y John))
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“Mary gave a book to John.”
Tree Line + Word Sense + Features
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o Mary &Feature'�“noun propn sg h”!���* 
*&Feature&
�'�
noun: ����
propn: proper noun #������
sg: single #����
h: human#�����

��*(���%'�"���$�	#�)�

o give&Feature'�“verb vfin vpast sg vsubj” !��
�* *&Feature&
�'�
verb: ����
vfin: finite verb #�
���
vpast:�������
sg: ���� #�)�
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Complement Slot"
Adjunct Slot"

o �%(�$��%�	$#*-0./&�complement 
Slot "�'+�Slot Grammar Lexicon2-0./
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-0./&�adjunct Slot"�'+!�Slot Grammar%
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o Slot Grammar"��$��-	 !�+&'��&�
��Lexicon ���"�+���"'��&�
%� !�
�&�� SLF(Slot Grammar Lexical Formalism)-
���*��"The Slot Grammar Lexical 
Formalism"http://goo.gl/57vxL4

o(��) #)��$��'��&*�%$+��,'�
“access” #���&
���"�+�

access
< v obj
< n (p to)

Slot Grammar Lexicon
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Slot Grammar Lexicon
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 v obj ! n (p to) ����'��&�
v$verb ����(���n$noun ����(����&�
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access                 ���
< v obj v $��
< n (p to) n $��

o�� v, n #�!"�� obj, (p n)$�),*+(����
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Slot Grammar Lexicon

o�������
give < v obj iobj
��give����v���������� obj � iobj ���

����
	��

Alice gave the book to Bob.
Alice gave Bob the book.
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Lambek: “Remarks on the history of 
categorial grammar”

o A few years later, I was invited to a symposium of 
the American Mathematical Society [1961] on 
applications of mathematics to linguistics. Hard 
pressed to find anything new to say, I discussed a 
non-associative version of the syntactic calculus. 

o These ideas did not catch on with the linguistic 
community and even met with some antagonism 
by certain graduate students, although two 
linguists, Noam Chomsky and Robert Lees, tried to 
encourage me to continue. Still, I could see the 
new wave of Chomsky’s generative-
transformational grammar sweeping everything 
else aside and turned my attention to other things.

https://goo.gl/T7vHsh



Lambek:“Word to Sentence”
0. Preface.

o Chomsky refined and deepened his theory in 
subsequent years, publishing almost one book per 
annum. Yet, while going profoundly into the 
structure of natural languages, it became less 
accessible to computational implementation, at 
least in the opinion of some categorial linguists. 
Prompted by a suggestion by Claudia Casadio, I 
proposed a new computational algebraic approach 
in 1998,  founded in the categorial tradition and 
based on a slight generalization of the ubiquitous 
concept of a group, called a “pregroup”. In 
retrospect, this approach was already implicit in 
the work of Zellig Harris, Chomsky’s teacher, and 
may be viewed as a refinement of the latter. 



Lambek:“Word to Sentence”
0. Preface.

o My own experience tells me that, in countries 
where high school students are faced with a choice 
between a scientific program and a humanistic one 
based on a study of classical languages, future 
mathematicians often arise from the latter stream.

o The principal idea is to assign to each word in the 
mental  dictionary one or more types. (Sometimes 
the types of inflected forms of lexical items may be 
calculated by certain “metarules”.)  These types 
are elements of an algebraic system or terms of  a 
logical system and the grammatical status of a 
string of words is determined by  a calculation      
on the corresponding types.



Lambek:“Word to Sentence”
36. Postscript on Minimalism.

o Readers familiar with current linguistic theory will 
have noticed that many ideas underlying the 
present monograph have been influenced by the 
profound insights gained by Chomsky and his 
school in the last half century. However, there are 
technical differences in how these ideas are 
displayed. Mainstream (Chomskyan) grammarians 
assume that words are arranged in labeled 
bracketed strings, or equivalently as leaves on a 
plane tree with labeled nodes, and that sentences 
are generated and analyzed by manipulating these 
structures.



o In categorial grammars, such calculations are 
performed not on labeled bracketed strings of 
words, but on strings of types, and this is assumed 
to be done in real time, even as the words are 
uttered or perceived during actual communication.  
In particular, this approach rules out any 
movement from the end of a sentence to the 
beginning.

o Chomsky’s ideas have undergone a number of 
significant changes over the years, which have 
usually led his many disciples to revise their 
methodology as well. (I am reminded of the French 
comic book “Asterix and Cleopatra”, in which 
Obelix accidentally breaks off the nose of the 
Sphinx, whereupon the souvenir vendors hasten to 
hack off the noses of their replicas.)



o For the last dozen years or so,  the official version of the 
Chomskyan enterprise has been the so-called “minimalist 
program” (described as “maximalist” by some). It is not 
clear to me which of the earlier notions have been 
discarded and which have been absorbed in the new 
program. The two texts I have looked into rely heavily on 
a discussion of the earlier theories. For example, 
Chomsky [1995] discusses government theory, binding 
theory, case theory, X-bar theory, phrase structure 
theory and theta-theory, to judge by the section headings 
only, not counting trace theory and optimality theory, 
which are mentioned elsewhere (see Lasnik et al.[2005]). 
Is the reader required to study all these theories before 
engaging on the minimalist program?
I must confess that I haven�t mastered all these theories, although 
I suspect that what some of them are about can be incorporated 
into the pregroup framework.



o Much of the recent debate among mainstream 
grammarians is couched in the technical language 
of parsing trees. There have been a number of 
papers analyzing the minimalist program from an 
algebraic point of view, for example by Stabler 
[1997], and by several authors in de Groote et al. 
[2001], showing that minimalist grammars are 
weakly equivalent to multiply context-free ones. As 
far as I can judge, they still rely on an arboreal 
representation. While I cannot say that I have 
completely understood the minimalist program, I 
believe that in spirit, if not in technical details, 
pregroup grammars may be viewed as an attempt 
to carry out such a program.
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The mathematics of sentence structure

JOACHIM LAMBEK
http://lecomte.al.free.fr/ressources/PARIS8_LSL/L
ambek.pdf

http://lecomte.al.free.fr/ressources/PARIS8_LSL/Lambek.pdf


2. Syntactic types

1958�����

2008�����



3. Type list for a fragment of English

n	n∖s →	s

(	n/n	n	)	n∖s →	n	n∖s →	s	

(	n	n∖s )	s∖s →	s	s∖s →	s	

n	((n∖s)/(n∖s)	n∖s)		
→	n	n∖s →	s	
(n	n∖s)	((s∖s)/n	n))		
→	s	s∖s →	s	



3. Type list for a fragment of English

(n	n∖s))	((s∖s)/s	(n	n∖s)))	→	s	((s∖s)/s	s)	→	s	s∖s →	s	

n	((n∖s)/n	n)		
→	n	n∖s →	s	
(n	n∖(s/n))	n)		
→	s/n	n	→	s	



57689��.�57689�/���.57689�.�57689�+/�
�
.��/,!�%2/�	�.��.���(Part of Speech)��

.��* 1�%.��$2&����357689+�4*!1�
#.57689/��.�
-0')�"�#$21���.���3�(�



4. Formal systems
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4. Formal systems
Merge (cool, water) 
→ {water, {cool, water}}

Merge�
	����
�����������
����������
�������� “water”
����� ����
��



5. Type computations in English

i. Insert brackets in all admissible ways.
ii. To each word assign all types permitted by a 

given finite type list. (We ignore for the moment 
the difficulty arising from words which possess a 
potentially infinite number of types, as do the 
chameleons `and' and `only’).

iii. For each grouping and type assignment compute 
the type of the total expression.

iv. Select that method of grouping and that type 
assignment which yields the desired type s.



6. Pronouns









From word to sentence:
a computational algebraic approach to 
grammar

Joachim Lambek
http://www.math.mcgill.ca/barr/lambek/pdffiles/2
008lambek.pdf

http://www.math.mcgill.ca/barr/lambek/pdffiles/2008lambek.pdf


I. Introduction

1. Origin of languages.
2. Grammar and mathematics.
3. An algebraic approach to grammar.
4. Mathematical interlude.



basic types

o π = subject,
π3 = third person singular subject,

o s1 = declarative sentence in present tense,
o i = infinitive of intransitive verb,
o j = infinitive of any complete verb phrase,
o o = direct object.

o We postulate
π3 → π, i → j,



partial order

o reflexive: x → x,
o transitive: x → y and y → z implies x → y, and
o anti-symmetric: x → y and y → x implies x = y

o We may read x → y as saying that everything of 
type x is also of type y.





In the above examples, the pronoun she has type 
π3 to indicate that it serves as a third person 
singular subject. 

she will come 
π3 (πrs1jl) i

����
����������
�π������
�π3 → π�����
�������������
 �
���
come �������
�i ��	��
���j������
�i → j�

π3 (πrs1jl)i → π (πrs1jl) i → π (πrs1jl) j
→ π πrs1jl j →1s11 → s1



she will  see  him  
π3 (πrs1jl)(iol)o

��������������������see ���������iol�������
�	���������
������������
�������������	�����������
����
����������	�����l  ����������������ol 	��	����o �����
����left����������� olo → ���
��� ������ ��
�� ��������� will ���� ��� ����
πrs1jl �� ��
�	��� ���� �� �� ������
 ��� � �����	� ��
��� ���� ��
 ��� �� ���������� �� ��� ��
��� ���
������	���� r �� �� ���� ���� πr 	��	��� π ���� ���
right� ���	� ���� π3� ���	�

π3πr��ππr���.
π3 (πrs1jl)(iol)o � ππrs1jliolo � ππrs1jl jolo
���ππr)s1(jl j)(olo) ���s1�� ��s1



she will  see  him  
π3 (πrs1jl)(iol)o

�
� ����������� l �	��� ��
���� �� �
�� jl ������� j ���

�
� left� 
���� ���� i� �����

jli��jlj���.

With apologies to Chomsky, I would like to say that the 
parentheses ( and ) indicate the surface structure and the square 
brackets [ and ] the deep structure. 
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�q1jlπl ���will�



The distinction between q and q is necessary, since a 
question of type q can be preceded by when of type qq` 
and a question of type q cannot. The dash at the end of 
(3.1) was placed where Chomsky would have put a so-
called trace. 
Traces are not needed in our approach and are only 
indicated to facilitate comparison with Chomsky's 
approach. It will turn out that a double superscript l makes 
an appearance whenever Chomsky requires a trace.



how a sentence such as (3.1) is analyzed 
in real time

(3.1)
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Homotopy Type Theory and 
Voevodsky’s Foundation

Recent discoveries have been made connecting abstract 
homotopy theory and the field of type theory from logic and 
theoretical computer science. This has given rise to a new 
field, which has been christened “homotopy type theory”. In 
this direction, Vladimir Voevodsky observed that it is 
possible to model type theory using simplicial sets and that 
this model satisfies an additional property, called the 
Univalence Axiom, which has a number of striking 
consequences. He has subsequently advocated a program, 
which he calls univalent foundations, of developing 
mathematics in the setting of type theory with the 
Univalence Axiom and possibly other additional axioms 
motivated by the simplicial set model. Because type theory 
possesses good computational properties, this program can 
be carried out in a computer proof assistant.

https://arxiv.org/pdf/1210.5658.pdf
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Skolem's paradox is that 
“every countable axiomatisation of set theory in first-
order logic, if it is consistent, has a model that is 
countable.” 
This appears contradictory because it is possible to 
prove, from those same axioms, a sentence that 
intuitively says (or that precisely says in the standard 
model of the theory) that there exist sets that are not 
countable. Thus the seeming contradiction is that a 
model that is itself countable, and which therefore 
contains only countable sets, satisfies the first order 
sentence that intuitively states "there are 
uncountable sets".
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g∘f: X → Z����)�

2. ��"�� X  �����
� 1X: X → X ������
f: X → Y  ���� f∘1X = f = 1Y∘B
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o C�� f: X → Y � D�� F(f): F(Y) → F(X) ����������

Contravariant Functor����� ���
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FUNCTORIAL SEMANTICS OF 
ALGEBRAIC THEORIES

F. WILLIAM LAWVERE 
1963�
https://www.pnas.org/content/pnas/50/5/869.full
.pdf

https://www.pnas.org/content/pnas/50/5/869.full.pdf


Doctrine 
John Baez https://goo.gl/u63cvK

Universal algebra began as an attempt to deal with 
lots of familiar algebraic gadgets simultaneously: 
groups, rings, lattices, vector spaces, Lie algebras, 
and so on. A bunch of the same theorems hold 
for all of these - so why not prove them all at once 
and be done with it? It turns out to be possible!
In his famous 1963 thesis, Bill Lawvere showed how 
universal algebra can be formulated using categories:

F. William Lawvere, Functorial Semantics of 
Algebraic Theories.

https://goo.gl/u63cvK
http://en.wikipedia.org/wiki/Universal_algebra
http://www.acsu.buffalo.edu/~wlawvere/index.html
http://www.tac.mta.ca/tac/reprints/articles/5/tr5abs.html


He saw that universal algebra was all about algebraic 
gadgets that make sense in any category with finite 
products. Shockingly, every such category ! can be 
seen as the “theory” of some such gadget. If " is 
some other category with finite products, a product-
preserving functor #:!→": then gives such a gadget 
in ". We call this a model of ! in ".
However, besides categories with finite products, 
there are also other kinds of categories, which 
support other kinds of algebraic gadgets. So, around 
1969, Lawvere massively generalized universal 
algebra - so much that he required a precise 
definition of “a kind of category”! He called such a 
thing a “doctrine”:



F. William Lawvere, Ordinal sums and equational 
doctrines, Springer Lecture Notes in Mathematics No. 
80, Springer-Verlag (1969), pp. 141-155.

This is a startling leap in abstraction, typical of 
Lawvere’s work.
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“What is applied category theory?”
https://arxiv.org/pdf/1809.05923.pdf
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Much of mathematics consists in calculating in various 
abstract theories, specifically interpreting one abstract 
theory into another, interpreting an abstract theory into a 
background to obtain a concrete category of structures, and 
transforming these structures in and among these categories. 
Now, for one thing, the use of the term “category” of 
structures of a certain kind had already become obvious in 
the 1950’s and for another thing the idea of theories 
themselves as structures whose mutual interpretations 
would form a category was also evidently possible if one 
cared to carry it out, and indeed Hall, Halmos, Henkin, 
Tarski, and possibly others had already made significant 
moves in that direction. But what of the relation itself 
between abstract theory and concrete background? 

https://goo.gl/RLs94Q
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To conceptually relate any two things, it is necessary that 
they belong to a common category; that is, speaking more 
mathematically, it is first necessary to functorially transport 
them into a common third category (if indeed they were 
initially conceived as belonging to different categories); but 
then if the attempt to relate them is successful, the clearest 
exposition of the whole matter may involve presenting the 
two things themselves as citizens of that third category. In 
the case of “backgrounds” such as a universe of sets or 
spaces it was already clear that they form categories, 
wherein the basic structure is composition. In the case of 
logical theories of all sorts the most basic structure they 
support is an operation of substitution, which is most 
effectively viewed as a form of composition. Thus, if we 
construe theories as categories, models are functors!

https://goo.gl/RLs94Q
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CCG Semantic Parsing
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Semantic Parsing with
Combinatory Categorial Grammars

Yoav Artzi, Nicholas FitzGerald and Luke 
Zettlemoyer! : University of Washington
https://yoavartzi.com/pub/afz-
tutorial.acl.2013.pdf

https://yoavartzi.com/pub/afz-tutorial.acl.2013.pdf
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WHAT IS APPLIED
CATEGORY THEORY ?

Tai-Danae Bradley
2018�
https://arxiv.org/pdf/
1809.05923.pdf

https://arxiv.org/pdf/1809.05923.pdf
https://arxiv.org/pdf/1809.05923.pdf
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Coecke, B., Sadrzadeh, M., & Clark, S. (2011). 
“Mathematical Foundations for a Compositional 
Distributional Model of Meaning.” 
Linguistic Analysis, 36(1–4), 345–384. 
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Functor: syntax → semantics

o To summarize, the language model of Coecke et. al. 
amounts to a structure-preserving functor

syntax → semantics
o In this section, we’ve just shown that the syntax 

category is taken to be a pregroup freely generated 
on a finite set of basic grammar types, i.e. syntax 
“ PregX. Let’s move on to semantics now.



The Semantics Category: 
Vector Spaces



The Semantics Category: Vector Spaces

o As stated in the introduction to Section 3.2, 
computers are able to understand meanings of 
individual words pretty well. That’s because 
computers understand numbers! For example, a 
great way to inform a computer of the meaning of 
the word banana is to represent banana by a 
number and then give that number to the 
computer.

o What number? Well, it’s not exactly a number. It’s 
an array of numbers—a vector. Okay, what vector? 
The answer is simple, though I’d like to motivate it 
by sharing the following theorem.
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o whereas puppy occurs more often near words such 
as pet, cute, furry, bark, and so on. As another 
example, you might not know what the word yegg
means (or perhaps you do), but you can probably 
infer it from this sentence:

o So we can represent the meaning of a word by a 
vector. This is often called a distributional model of 
meaning. But what, exactly, is the assignment 
word ⟼ vector? Suppose we have a fixed corpus—
your favorite book, say. Start by choosing a set of 
so-called context words {w1, . . . , wn}. 
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o This can be every word in the corpus or some 
subset of it. By representing each wi as the ith
standard basis vector we obtain a basis {w1, . . . , 
wn} for a vector space V. Then any word w in the 
corpus has a vector representation given by a 
linear combination of the context words

w = ∑"#$% &" '(

o The coefficients ci are real numbers that indicate 
the number of times that w occurs near wi in the 
corpus
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o Here’s an example. Suppose we’re reading a book 
that contains the words {sweet, green, furry} 
Let’s choose them to be our context words and 
make the assignment so that



o In other words, we’ve used data from the corpus to 
embed these words as vectors inside of a three-
dimensional vector space. This prompts us to say 
that the meaning of the word banana is the vector 
(21, 9, 0), the meaning of puppy is (8, 1, 32), and 
the meaning of fruit is (43, 19, 0)



o And this works! That is, you can feed distributional 
models into your computer, and they’ll ace the 
word-similarity portion of your SAT exam. Or your 
can compute the dot product between words, and 
you’ll find that vectors are closer together precisely 
when the words they represent have the same 
meaning. It’s all familiar territory for NLP 
practitioners. The semantics category for Coecke et. 
al. is thus the category of finite dimensional vector 
spaces over R. That is,

meanings of words = FVect



Functor: syntax → semantics



o Unfortunately, the distributional model does not 
work for sentences. The same sentence rarely 
occurs twice in a given document, therefore we 
can’t follow the same procedure above. This is 
where category theory can help lend a hand. In 
light of the principle of compositionality, the 
meaning of a sentence should be able to be 
computed given the meanings of its individual 
words and the rules of grammar for combining 
them. And we can pair meaningsof-words with 
grammatical types via a map from syntax 
(grammar) to semantics (meanings of words), i.e. 
via a functor

F : PregX → FVect



o where X is a finite set of basic grammar types. In 
fact, as we know from Section 2.1, both FVect and 
PregX are compact closed categories, so we’ll ask 
that F be a strong monoidal functor—one that 
preserves the compact closed structure. That’s the 
gist behind the categorical compositional 
distributional model of Coecke et. al. But how is F 
actually defined? Let’s talk about that next.



The Functor: Syntax → Semantics

o In this section, we’ll give an explicit description of 
the functor F : syntax → semantics or more 
specifically, F : PregX → FVect For simplicity, let’s 
take X  {n,s} as we did before. Now to define a 
functor, we need simply to say what it does on 
objects and morphisms. So let’s do that



The Functor: Syntax → Semantics

On objects
o F assigns to the noun type n a vector 

space N : Fn, which we’ll call a noun space
o F assigns to the sentence type s a vector 

space S : Fs, which we’ll call a sentence space

On morphisms
o F assigns to a type reduction a r.. b    linear 

map Fa Fr.. that sends the vector corresponding 
to a word or phrase of type a in Fa to the vector 
corresponding to a word or phrase of type b in Fb.



The Functor: Syntax → Semantics

o ’F preserve the compact closed structure’ means 
that





Compute the meaning of 
“bananas are fruit”



Step 1: Assign each word a grammar type 
in Preg(n, s).

banana→	n
are→	nrsnl

fruit→	n



Step 2: Fix a noun space Fn = N and a 
sentence space Fs = S

Let’s suppose N is the three-dimensional space 
spanned by the basis vectors

sweet , green , furry
which we can represent as column vectors

These basis vectors generate the noun space.



Step 2: Fix a noun space Fn = N and a 
sentence space Fs = S

For simplicity, let’s define S to be a “true or false” 
space so that it’s a one-dimensional vector space 
spanned by a single vector 1.  
The origin 0 ∈	S corresponds to “false” 
while 1 corresponds to “true.”
What about scalar multiplies of 1 ? If you like, you’re 
more than welcome to think of a positive scalar 
multiple of 1 as the meaning vector for sentence that 
is super true. The larger the scalar, the more true 
the sentence!
Finally, note that once we’ve established N and S , 
the verb space comes for free:



Step 3: Determine the vector
representations of each word in the 
sentence.

Note that both of these vectors live in the noun space N since each
word has grammar type n . 

By Step 1 , we know that are has grammar type nrsnl and is 
therefore a vector in the tensor product N ⊗ S ⊗	N .



o And that is excellent news, for if we know “what is 
what,” i.e. if we know that puppies are furry but 
not green and so on, then we can re-express the 
vector for are as a 3 x 3 matrix. The ij th entry of 
this matrix is the coefficient cij which is

�



Step 4: Choose a type reduction 
in Preg(n, s)

banana is fruit

n nrsnl n             s 

nnr --> 1,  s --> s,  nln --> 1

!"#�1%�!"&

!"# 1% !"&



Step 5: Apply F!

banana is fruit

n nrsnl n             s 
Fn=N, Fnr=N, Fs=S, Fnl=N, Fn=N

!"#�1%�!"&

Functor F
Syntax → Semantics
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DisCoCat (DIStributional COmpositional
CATegorical ) ����� Maaike Zwart

https://www.youtube.com/watch?v=99keybEZN4g
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o Basic Type





Graphical language for monoidal 
categories. 



The ‘from-meaning-of-words-to-meaning-
of-a-sentence’ process



Compact closed categories

But if we consider a verb, then its grammatical type is nrsnl, 
that is, of the form                     within the realm of monoidal 
categories



Graphical language for compact closed 
categories.



Vector spaces, linear maps and tensor 
product as a compact closed category.



A Pregroup as a compact closed category



3.4 Categories representing both grammar 
and meaning

1. vector spaces can be used to assign meanings to 
words in a language;

2. Pregroups can be used to assign grammatical 
structure to sentences.





3.5 Meaning of a sentence as a morphism 
in FVect x P.



o Assign a grammatical type pi to each word wi of 
the string, apply the axioms and rules of the 
Pregroup grammar to reduce these types to a 
simpler type p1, .., pn -> x. If the string of words 
is a sentence, then the reduced type x should be 
the basic grammatical type s of a sentence

o Assign a vector space to each word of the sentence 
based on its syntactic type assignment. For the 
purpose of this paper, we prefer to be flexible with 
the manner in which these vector spaces are built, 
e.g. the vector spaces of the words with basic 
types like noun may be atomic and built according 
to the usual rules of the distributional model; the 
vector spaces of the words with compound types 
like verbs are tensor spaces.



o Consider the vector of the meaning of each word in 
the spaces built above, take their tensor, and apply 
to it the diagram of the syntactic reduction of the 
string, according to the meaning spaces of each 
word. This will provide us with the meaning of the 
string.



4 Computing the meaning of example sentences
4.1 Positive Transitive Sentence

A positive sentence with a transitive verb has the 
Pregroup type n(nrsnl)n. 
We assume that the meaning spaces of the subject 
and object of the sentence are atomic and are given 
as (V; n) and (W; n). 
The meaning space of the verb is compound and is 
given as (V⨂S⨂W; nrsnl). 
The ‘from-meaning-of-words-to-meaning-of-a-
sentence’ linear map f is the linear map which realizes 
the following structural morphism in FVect x P:





o ��	���Ψ	���





Example 1. One Dimensional Truth-
Theoretic Meaning. “John likes Mary”



4.2 Negative Transitive Sentence
“John does not like Mary”

John  does     not      like    Mary





There is a well-known bijective correspondence 
between linear maps of type V → W and vectors in 
V ⨂ W. Given a linear map f : V →	W then the 
corresponding vector is:







Negative Truth-Theoretic Meaning
“John does not like Mary”



5 Comparing meanings of sentences

o Hierarchical Meaning.

o Negative Hierarchical Meaning
o Degree of similarity of positive sentences



o Degree of similarity of negative sentences.



o Degree of similarity of positive and negative 
sentences.
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Appendix

Quantum Semantics



Appendix Quantum Semantics

o A quantum teleportation inspired algorithm 
produces sentence meaning from word meaning 
and grammatical structure

o Open System Categorical Quantum Semantics in 
Natural Language Processing



A quantum teleportation inspired 
algorithm produces sentence meaning 
from word meaning and grammatical 
structure

Stephen Clark, Bob Coecke, Edward Grefenstette, 
Stephen Pulman, Mehrnoosh Sadrzadeh
2013�
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Abstract

We discuss an algorithm which produces the meaning 
of a sentence given meanings of its words, and its 
resemblance to quantum teleportation. In fact, this 
protocol was the main source of inspiration for this 
algorithm which has many applications in the area of 
Natural Language Processing.



The NLP problem

o Dictionaries explain the meanings of words; 
however, in natural language words are organized 
as sentences, but we don’t have dictionaries that 
explain the meanings of sentences. Still, a 
sentence carries more information than the words 
it is made up from; e.g. meaning(Alice sends a 
message to Bob) ≠ meaning(Bob sends a message 
to Alice).



two separate communities

o Until recently, the state of affairs in computational 
linguistics was one of two separate communities 
[13]. One community focused on non-
compositional purely distributional methods such as 
the vector space model described above. The other 
community studied the compositional mathematical 
structure of sentences, building on work by 
Chomsky [5], Lambek [18] and Montague [21]. 
This work is mainly about the grammatical 
structure of sentences; grammatical type calculi 
are algebraic gadgets that allow one to verify 
whether a sentence has a correct grammatical 
structure.



Caps, cups, and teleportation



o Here, the red line represents the logical flow which 
indicates that the state incoming at Alice’s side first 
gets acted upon by an operation f, and then by its 
adjoint f † , which in the case that f is unitary 
results in the outgoing state at Bob’s side being 
identical to the incoming one at Alice’s side.





Solution to the NLP problem: the intuition





Solution to the NLP problem: the 
algorithm. 
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