


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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Slot Type

AMAZON.DATE

AMAZON .DURATION

AMAZON. FOUR_DIGIT_N
UMBER

AMAZON .NUMBER

AMAZON.TIME

Short Description

Converts words that
indicate dates (“today”,
“tomorrow”, or “july”)
into a date format (such
as “2015-07-00T9").

Converts words that
indicate durations (“five
minutes”) into a numeric
duration (“PT5M").

Converts words that
represent four-digit
numbers (“six oh four
five" into digits ("6045").

Converts numeric words
(“five”) into digits (such
as “5").

Converts words that
indicate time (“four in
the morning”, “two p m")
into a time value
(“04:00", “14:00").

Supported Languages

English (UK)
English (US)
German

English (UK)
English (US)
German

English (UK)
English (US)
German

English (UK)
English (US)
German

English (UK)
English (US)
German

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.Devicelype

AMAZON.Director

AMAZON.Drink
AMAZON.EducationalOrganization
AMAZON.EUROPE CITY
AMAZON.EventType

AMAZON.Festival Slot Type
AMAZON.FictionalCharacter
AMAZON.FinancialService
AMAZON.Food
AMAZON.FoodEstablishment
AMAZON.Game
AMAZON.GB CITY
AMAZON.GB FIRST NAME
AMAZON.GB REGION
AMAZON.Genre

List Type

AMAZON.WrittenCreativeWorkType
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"What is the weather in Seattle today?" <¢== utterance
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Entity Model & Action Type

O ZECRI=&512., Entity Model(ZEMDEEN THEERMNLT
BREENDEFDIFHRZERIRT D, F=7ZL. TNILFFILZDD
Thbd.

[0 Schema.orgl2011FIZR BT DM, 3FZD 20144,
Action TypeziEflL71-, Schema blog: “Announcing
Schema.org Actions” https://goo.gl/eu2imf

[0 Thing > Action

0 Thing > Intangible > Enumeration >
ActionStatusType



https://goo.gl/eu2jmf

<I-- 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"

i

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

i

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

i

"location”: {

"@type": "Residence”,
"name": "Ann's apartment"

i

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

¥

¥ https://schema

</script>

Action Type Z#RHU\ /=,

XDERDERIR

Action Property
actionStatus
agent

endTime
instrument

error

location
object
participant
result
startTime

target

.org/Action



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
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<!-- John created an exercise plan with Steve. -->

<script type="application/ld+json">

{

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

"agent": {
"@type": "Person”,
"name": "John"

s

"result": {

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

I
"participant”: {
"@type": "Person”,
"name": "Steve"
¥
¥

</script>
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Action Property
actionStatus

agent
endTime

instrument

error

location
object
participant
result
startTime

target

https://schema.org/Action
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Encoder / Decoder
Hinton® Autoencoder
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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
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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
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TOCRATARTOHERERELGDCORINLORESIZEILE
F COVARTLTIE, RSTEELTEAASIN=XEAERD,
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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/YglAAW -
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http://karpathy.github.io/2015/05/21/rnn-effectiveness/
https://goo.gl/YqlAAW
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O WMT 140 #E3:E (En) <-> IS5 RE (Fr) T—3 vk,
3,600 EDXDARTMNEENTLS,

O WMT 140D #HE:E(En) <-> FAWEiE(De) T—4t vkl
S5005EDXDORTHREENTILS,

OO0 Googlel, REBIZ, HEFE <-> HAFE(Ja), EE <-> BE
iE(Ko) . HEE <-> ARAUEE(Es) . &EE <-> RILMA L
B (Pt) FERDZLDT—R2EIbEHE TSN, TOFEIL.
FEDWMTDT—2tybkl, 2~3HTRELVELYD,

O Google=a2—5)L#WENERTIX. GPU100EZ{E>T, Z/L
No—=2F(2I3HRKR1,0005 ATy, IR FE TIZIE 3B/
WIS ENRHBHELS,
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E ARG

X EERDIERTE (compositionality) |

O XIEIGEIZH-TEISEREINS
O XDOEKIE., BEOEKRIZIKFET S
B 3GEMIZELLVDDEBKRNZ LN EH S

Colorless green ideas sleep furiously.
O XDERKRIE XDOSCERBRICIKTFT 5

B _DODEKRZHFD.HULFELVEX
I saw a man with a telescope.

EROIE—1%E] / EROXBREDEFLE

O §FBARGH>TLTE., TRILIEKRZF D2ENEET S,
O S@MNELS>TVTE. TRILIEKRZHOXHAFET B,

o]] T
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X EERDIERTE (compositionality) |

O XIEIGEIZH-TEISEREINS
O XDOEKIE., BEOEKRIZIKFET S

B CERMIICIELOLDDAERN G EH S
Colorless green ideas sleep furiously.

O XDEKIE . XOSGEMBRITIKEFT S

B _DODEKRZHFD.HULFELVEX
I saw a man with a telescope.

EROIE—1%E] / EROXBREDEFLE

O S@MNEL-S>TVTE. TRILIEKRZHFOEINFET B,
O S@MNELS>TVTE. TRILIEKRZHOXHAFET B,
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. ZRITNIR)L Pregroup ZRITANIRIL
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FE=ETHEN
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ZRITLANIRIL

Word2Vec 1= k24 B 1

IBM WatsonA 5
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Word2Vec
EDIERARIRIL]

“"Linguistic Regularities in Continuous
Space Word Representations”

Tomas Mikolov et al.



http://goo.gl/j25y8s

Word2Vec

0 201341, Google®Tomas Mikolovis i, SEAIESD
AFENT-AVF—ZEEH. EFFIICCTCERICE. ERR
MRICEH)EBWVMEBEZFE>TWAILEZHRT D,

1 “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 Deant . COBXIT;EEHLT, XEIOEELIRTE S,



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

Word2Vec

[0 Google CodelZ, #A—T Y —RELTRARHSN.,
https://code.google.com/p/word2vec/ KE7iES
RO,

O CCTHEHLNTVDSETILIE. ROZD,
B CBOW(Continuus Bag-of-Word”) £7J/L
BHDEOEFTY N, —HICHIRLZEIE—DODFED
i S S N7
m Skip-gram £57J/L
—DDENSZont=FF. —HICHIRLZOGEHD
SEDHEERZFRND,



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

INPUT PROJECTION OUTPUT INPUT PROJECTION OUTPUT

L
W( 2) \\r.:;(ta.z 14 4
w(t-1) wit-1)
“the”
| ‘
. wit) wi(t)
‘ \\onll W
w(t+1) | w(t+1)
ELLDET LG EOMFEYELTD “sat”
HIRMEEICZ R, [REOIETV IZIE, HEik —
ZiEH>TULVELY
w(t+2) “Cat" o " w(t+2)
‘ . Cat"

Continuous Bag-of-Words

CBOW Skip-gram
http://arxiv.org/pdf/1301.3781.pdf



EATTRED ., BZAbnT=5EM:a<IC

H8iA3

FRANCE JESUS XBOX
AUSTRIA GOD AMIGA
BELGIUM SATI PLAYSTATION
GERMANY CHRIST MSX
ITALY SATAN [POD
GREECE KALI SEGA
SWEDEN INDRA PSNUMBER
NORWAY VISHNU HD
EUROPE ANANDA  DREAMCAST
HUNGARY PARVATI GEFORCE
SWITZERLAND  GRACE CAPCOM

ENOD?

REDDISH

GREENISH

BLUISH
PINKISH

PURPLISH
BROWNISH
GREYISH
GRAYISH

WHITISH
SILVERY

YELLOWISH

SCRATCHED ~ MEGABITS
NAILED OCTETS
SMASHED MB/S
PUNCHED BIT/S
POPPED BAUD
CRIMPED CARATS
SCRAPED KBIT/S
SCREWED  MEGAHERTZ
SECTIONED ~ MEGAPIXELS
SLASHED GBIT/S
RIPPED AMPERES

Collobert et al. (2011) http://arxiv.org/pdf/1103.0398v1.pdf



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

EANTGEN. BANT=3EN1ELIC
IBHAENSH?

O LlF=BE%REEHI2EEL. HUE=ARIMLEED,
OEF-EECEZTMATH. ELLVII. IELLVXIZE DS,

“a few people sing well” IELLVX

| \ ¢

“a couple people sing well” ELLVX

O ZERNMUTWVELKTH, ALIVSRADEETESHA TE.
ELLXIE IELWLWXIZE DD,

“the wall is blue” =—»"the ceiling is red”
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0 Word EmbeddinglZ. $o:mBEVVEEZHE D, TD

y

DL, BENSEEADRINILEHSEIIZRZAS,

O W(Hwoman™)—W("man”) = W(Naunt™)—W("'uncle”)
W(Hwoman")—W("man") = W(*'queen")—W(“'king")

WOMAN

MAN/ /

UNCLE

AUNT

QUEEN

KING
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http://arxiv.org/pdf/1310.4546.pdf
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Word2VecTCRBEIT RECE

O Word2Vech B2 £5&ELTLVA DL, [EEDERK 1D %It
MTHS, TNIL. BEEFEHICIE. [ XDE ﬂikJ’&’S’ Tk
L=t D TIEAL, (EEFMICIE. Wordld, X
FEEINhD Lexical ItemTH5, )

[0 Word2VechMEZR HEEDF#EFHIL. ZBICFIASNS
T IR IE&KEZELTWS, FEADT—2t VDL K,
HOINIEB(IRELLEWNT, oD EBFEIINEKRT S
&, COTI7O—FBEIIRIETELLY,

O+L. Word2Vech . ZFB AT —FEYMIKEFLAZLGE
DEFHEIRATWNSADEL, ZDREALE, T—2EYED
M ITROLNIE T NITTEZSTEUN,



//v WOMAN /QUE

EOHR
MAN KING

Word2VecTIl&, MANMSWOMENADA TR LAY,

X

KINGDSQUEENDARYVRLE—HT HELVD, (£

)

CHDEBEXEDHLo2ELRFEFHBAL, THEDHF T, MAN,

WOMENEKING, QUEENDBERZZEZHETH S




IHEDHFET. MANKWOMENEDEEZA . KINGX%t
QUEENDBERIZ—E T S HALH DEFEIN., FE
TEMBATHEII. COFIDSZEIZIE. TBME T4
ELVSRERA, ICIZR DM S,

WEDHFH




WOMAN QUE i

SR MAN / / /
/

Bt

KING
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0 Word2Vec BRLTW\BDED %, FEFRT HIZIE. ZDD
ENEIARINLEZZDDOLNHOMYDOT L, FlE=D
DEDEZRTHY . TDORYTOREBRDERKRTE, T,
—DDEODEKRZRIT LD TIEELY,

O f=1f2, BICRIE=&IIC THEDHR | ETFEDHF 1D XIS
ZBZZHEFDRALTELFHIZR O Tahb, K
EDHFAIDFYIC, [FBOMHR IDFZERICHTFHILE,

=EMICABIED(THIED, FBICERESATNDE, &
12, FBlE. BERNICE, BEOHEHFADFNESHITHL
T.ERZERTHON:=E,

OZS5LE=RAT. Z<NEEDHEBMEREBICIZ., L
B IG RN H A ELRT IENTE D, TNIE,
[RICERZHEDIEINTIZITAIGRBTEEZ 5,
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Scene Graph

Image Retrieval using Scene Graphs



http://goo.gl/xAmz6E
http://goo.gl/3GCrXM
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EXFAW-EERERE

HiE:

man holding fish and wearing hat on white boat m

(a) Results for the query on a popular image search engine.

(b) Expected results for the query.



15H . scene graphsh\?

U—2DRNBERTET S, 25— DRIDEIRIE.
BN THd, TNIE. ROBIDOLSIZ,. BEARASEE
ZHWNBCETHD,

"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.”




1. scene graphsh?
E{EOERKIBICEntityETIILER

\l

O EFRERIC, SOLI-BAERE CTORBEF AT H1=HIC
[E. ROESGECENBEICES,
B TORNHOHEESREROHER.

B BELESNhTOWEWTER I BEESnztuplelcE#fig 5L
T. BROHEHZEETT S,

B CQOtupleZiER T 5FERKRZE. T ALTERABShI-fEEOPIZE
BS(+5,
OCS5LERBOINATSA2ETTHEIL. FHEE-
THEFY LDV HERBETHH, LT RICR =&
SEHETEXARNTIE. R5—ILLERLY,

E%‘E‘e( n-l-é;hj—':l- Y—A5— 7I—Z0)T’Cli

‘F'E.ElﬁlJ’E*L%);t%\ —ﬂ'/? [FHERLT=




Scen

e Graph

O BERAXDAERTIEGL, BERZHFHLT,. ENAKRIT >—
VEER-BER-BEHEETIIIET S,
we use Amazon’s Mechanical Turk (AMT) to
produce a human-generated scene graph.

O 7o TLhZ5DIE.
(1) ATz HOMDEEETFE,

RELE-Z2DA T VLDAER R - IRRED!

(2) 7

RE o

(3) ATz HDEHE DR
ThHb,




blue
\\‘ /
ATSTh -
A7V R DOALER R, IREE, p——y b
playing s
) hair —— short
) AozsroEt has—
wu,ing.'—vm—bcamoﬂagcd
Boy—» holding — ket ——light
fi of
icense plate e : o _ behi l/ in front behind
racket i
: mfmntof fmnlof—»w—-vgmcn
| N bchmd
§ ] kel ’ behind
" Sl — s mlonof
= .. - : \}‘ holding —oncbt—»hght
& brown

license plate | wearing ——shit ——+red
wearning ——vest ———blue
playing blue
weanng —»sncakers denim red
wearning ——+ shorts ——— has —— picture + yellow

Fel-Fei Li & Andrej Karpathy & Justin Johnson Lecture1- 36 4-Jan-16




objects attributes relationships

Legend:




BE{gRE, TN fEbndscene graphD
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L ra it | : shelf

wall
bottle

(7737} di uy
LR - - shirt
R — 8 guys

- ¥ ‘: \ v

an

‘ , == hirt
cu = = — — ——— ISR
sugar i - - | T I Shone
t shi _ o : e R - - o9
Faow LR PR glass

R Rk et e Sl able
pizz e F RN D A SR | up
: S SRS e (A | Straw




wearing —» t shirt ——»has ——»logo —» gold

man
> white blue

straw »in »Ccup nextto_ /has ——logo —» white
glass
drink —» yellow wall T e ~~*blue

bottle —»on banner | looking at-»phone —» black
shirt—»stripey cup wearing —» shirt —blue

writing —»on man ~——» white guys ——»at
bow — yellow \
\ : roun d
in —0n >table\
/' gray
T ™nextto orange

shelf —» behin
watch [/ greasy
guy —»excned glganuc
sugar —»by

lookmg at —»pizza —»on
white
__,next to \huge
\‘whlte




=G50 BREEIZEKDELU—0
S EERTACEIE. RS THS,

Black phone is on top of white,
b I wooden desk. The desk is next to
on under™” wood under  under \ a clean white bed that has a black
w:".--— e ¥ mu-;’ m:’k b blanket and is qext to a white
B o - e table. The.lamp IS on a tan wa!l
Lan " on lop ul bl.uk on  dark uhm # by /l The table is by the bed, which is
"‘----.M — — next to the phone. The floor is
'\ e LR —— under the bed, table, lamp and
B / next o ‘-\ whllc clean \.‘ blanket.
» l
2ul w0 phonck\\ B NEE A KDDL =55,
hl.nk ontop ol on '.| m.u L. EWEGHLHAEFZRHEAYR
------j m/ ' \ I EIZHY. BT —TILOIEL
T | 253 VTR ERORIHS.

white” wood  brown wooden hclnv. has  mextto T—ILIERYKRIZELS BEFIZHA
LYo FRIFRYR, T7—T L. T2 T,
EHRDDTIZHD,
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Scene graph®l &k |

O Scene graphTHEIRSDMWNZEIEZDH 5,

O —2lE. ANEGL., Bty —ILD Y R—rDHnld, it
TH. L EALEM G scene graphTHERRTESE
LS &z, Il REDHEMICIXTERIN &,

O +5—2(%. £iEhi=scene graph%. LLEBHIA 5 (Z
[SCNCEBTESLENSETH S, TIL. IWEDHEW T
HTELOTH S, (FolE. ZENZLTLVELD DY)

O 5L TEBSN=XE, BROEREZREL TS,
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[RNVEBABNAKDHDEIZH B, #lLIF.
mWVERDLHBEZELGERNIRDIELIZHY.
BWWTF—TILDiELIZH D, S TILFE
DEEIZH D, T—TILIERYRIZ3EL, EE

[T ERIZNRYR, 7—TIL,. S2F, £

XDOtHFR DTFIZH B, |

Scene Graph




ZD))—RIDEFREETDEFHE

[0 Scene graph

DIERB=LIE, ERICEXEERT S

DITTITGEL, TDEKRTIE., TNl AFEDIEWNVERT

DEERENZTEEICEEMIZFBLIZHD TIXALY,
OO, FIASNTLNSDIL, ChomskyhES

[ZD LT, EZBEANEBZD)Y—ADNEET D, £

LT. EEDEIED

=

FRNERY O AN SHEENTFET B,

JENE. SEUBIO. ARICHLFIARIgELE#Z DY) Y —
AT=EB ST,

O ZniE. BEE

ERSR

Folz. ERZEITEI XTI N DEAER
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Scene Graph Scene graph®
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NED—HNOERERET D
E{ERD—EZIL—XITRIESED

"Deep Fragment Embeddings

for Bidirectional Image Sentence
Mapping”



https://goo.gl/neBTk6

AFRAT —2I&, BRERAXDRT7TELTEZ NS,
ZDT—ATIE. ROEMEE. “A dog with tennis ball is
swimming in murky water” ELVSERBAXMNEZ N
TL%,

“A dog with a_tennis ball is swimming in murky water”

'

dog tenms ball | dog swemming murky water

ZDEIAXE. RIZR BMarie-Catherine de Marneffe®
W—IILTCXCERBEZRBITLT. XFIL—XIZH (T4,




OLTENLGEBITOFBRTHEON=XND—E%E. SEIL.
EEOPTHRET S, TOROAEAIX. FhEzRLTLS,

“"A dog w .'fi.‘ Q lennis hall S Swnniing in mil £y water"”
tenrus ball dog swmnming murky water

OL-FEZEL T, BRO—EE XED—EDRIGH,
FEINTUL JENEDLLE. TORIGERNTES TS,



B O —&D (&) & XED—H (Hitdh) DX &

A dog with blue ball.  Boy playing for tabby cat.

" R A

DET AMOD VMOD AMOD
A BLUE BOY TABBY
DOG BALL PLAYING CAT

2. b
Fragment Alignment Objective

)
Global Alignment
Objective



ZOF778—FDOH DR

OFRDETIVIC, [T EHOHBEZRNFLEL,
ETUTELSE RS BN, SCENGRRBEARDEN
EROFAIEX, BHGtDE=A, W OH @ EIERESELY,
E—IC. BE—OREMNERZERLTWSE—DESH
. EHOXDOMFICHRTEHIELNHD, HlIAIE.
“*black and white dog” [£. Z D D%k (CONJ,
black, white) & (AMOD, white, dog) &I SRR
b, B(Z, BEEHP T, BAEGIRIZEF-ZUL. it
RIZZBEEZRM . SHEET D, (HIAIL. “each other” @
£2I1Z,)




ZOF778—FDOH DR

O &51Z. “three children playing” ® &5 7L—XI&. %
AETEDHDHEEMNEARETIZRLTLNDDEL, ETILES
NG, — AT, HAIL BEBOCZDDEDHEAEHE LY.
HOLT=CUGER) AR, KU AL RIRZEHHT LT R
LTS, XOBRRFE D, LYFEREWDRLD, SHELIBEAL,
K REELZAS,

O BEEORITE AL, RCNND IERKFHIRE (non-maximum
suppression) A%, Br&EL T, BHIZIE. — AD AR DRIZ, 8
HDODANEZELETHEELHDH, COETIVIE, BHIZDOWT
. WD AZERIBEHREEELTULVEWLDO T, ZADELS
ANEE— AD A DBEIEHEEDH U -DBERSFLGE(T &
(X, COETILIZIZEELLY,

 Karpathy®ZhoDisHElE. O TEETHS.




EfRERZEEMT HED 1T ILEEKRED R IG
1+

"Deep Visual-Semantic Alignments ' ‘
for Generating Image Descriptions”

Andrej Karpathy, Li Fei-Fei
http://goo.gl/efGBgN
20154



http://goo.gl/efGBgN

bouquet of ' bottle of water glass of water with
red flowers ice and lemon

dining table
with breakfast
items

plate of fruit

banana
slices

fork

a person
sitting at a
table

KROETIVIE. EBEENEIN)LERELTIHRS T,
A A—DMEBOERETERRT S,




S EX %R

O F A< DOEARNLZRERE, ABIZE-TEMIMEXER,
EEOFDEED., -EHMLNTLWVELMIEZSELTLY
BEESCLETHS,

O FELIE, CORNE=XNGEFRZHRLEEWVDEERES, FERH
HBEIL., BEEEMN NN INSHEFEERT 5
EEFETH_ETHD,

OFLIE. ATOOESUOFFITLT, BHRfEEZHEEES
FZROAREE I IS{TT5. Karpathyb O 770—FD L
[C. ORTLEEELT-,




XDAEEZE#RETLT,
BffITontfztRERFHMZERT D

“"Generating Typed Dependency Parses from
Phrase Structure Parses” o

Marie-Catherine de Marneffe,
D. Manning et al.
http://goo.gl/wSSwBR
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Visual Semantics &X D E bk




ra DEMRD D, XDOERN

O E{E D caption{T(+EZDEY A (L. BARS EEDHEM
MEBZE-T, ETHERS MUV EEZIREELTINS,
CCTIE TEEDEKR I TIIELI XD ERR A, £, XD
[SGERIRBE 1D, —2—FIL -2y T—IDXARTIEH]
HT., B -BEMICIRY L IFoN TSNS THS,

O £55A. captionft [T DERIZZE-TLNS DL, EBRH
DATOTVDMBEZTDRETH D, TNIL. EED—
EENEB IO EATITTH D, RFFIZ, TNlE. XO—FRE
LTDIEEIE. BEHRED ST THLH S,

O B\BHDEEN—DDEBENMERSN ., ERDENS—
DDXMERINTUNDELS, HICERLH S,




XHho, I/EDOX LR DIT+5

0 Karpathy (+ de Marneffe) MiE#AE. L\b(E, XH S
ZTDRED (CHFEIXEERN) . FieYWERDIT&HE
THEDTHD . TDT=OIZ, XZERIZH#ERT 5 &

MhoiEHd, Chlk, IELLNVZTO

_3"7"5&:%50

OZO77A—FDULN OO DEMIZEREL. BRICR =&
12, KarpathyB B MWK HLV TS, Chld, ERA(C

[, 3CEDEETH S,

O f=f=. BASELZ. MREAIRELGEET DR RICHE o

LTH. flEEERN L, IHEDS

=YD EBNZ IEFEIC(FE

E Ca/dLN(BHAEK., EORIZY 1GDTEHY),

0 Scene graphz&&&it9 6L, f@RIE. ... 0% 5, 1&L
IRJIZIRET S, 1. BREZEDXDEXIE. KR

BEE TR BN 1EDTHS.




XHho, I/EDOX LR DIT+5

O 7=, 32 EREFLRELH D XM, TN ZILENR R
ELTWADIE, FHEDIEHD |1Z1TTIEZLY, de
MarneffeB &h &% (T TLVNS YT )L “Bills on ports
and immigration were submitted by Senator
Brownback, Republican of Kansas.”[%. IRE([ZfE=
FCEICERLTVWADEZHA, O H DO FFE X IR
TlE. TDOXICMERDTH5DIXEEHTH S,

O R\ETIFHGENEDE. SR, B TRIAAIGEETH D,
[HEB IR TH D, BENTFELZLGL I, SHIETHEDIE?




Karpathy +

rneffe

"A dog with tennis ball is
swimming in murky

7”7




Karpathy +
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"Bills on ports and immigration
were submitted by Senator

Brownback, Republican of
DR Kansas.
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Dol=OT. I XDERIZEZZS
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I:I7‘—7‘:~31%’\0)capt|onﬁ(7“0)$')7377ﬂ FhH, R E
EIXBHEL, . EYDEEREWLSFERE D =&
LTH(FESLIE,. ENAEYDEEDEEBICETHKRT
HETHIFLTLWADEEDY) . XDEKREX DIFIEIZDLY
T. A ZERDFHLTLKTH A,

O Sl EROERE, BEOHFLTIEGL, XDE
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"Bills on ports and immigration
were submitted by Senator
Brownback, Republican of Kansas.”
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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


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

Main general criteria for
computational semantics

[0 Expressive Adequacy.
The framework must allow linguistic meanings to

be expressed correctly.

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

[0 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

OO0 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”

a. Every big white horse sleeps.
b. every(x, /\(big(x), /A (white(x), horse(x))), sleep(x))

C.
every(x)

RN
A sleep(x)
/ \/\
7\

white(X) horse(x)

big(x)



MRS Representation
“Every big white horse sleep”

a. every(x, /\(big(x), white(x), horse(x)), sleep(x))
b.

every(x)

/ >eep(x)
/ |

big(x) white(x)  horse(x)

every(x)

N

big(x),white(x),horse(x) sleep(X)



Flat representation
“Every big white horse sleep”

h0:every(x)
N\
hl h2

h1:big(x), hl:white(x), hl:horse(x) h2:sleep(x)

h0: every(x, hl, h2),hl: big(x), hl: white(x), hl: horse(x), h2: sleep(x)

h1: white(x), h0: every(x, hl, h2), hl: big(x), h2: sleep(x), hl: horse(x)

h0: white(x), h1: every(x, h0, h3), hO: big(x), h3: sleep(x), h0: horse(x)



MRS Representation
“Every dog chases some white cat”

a. some(y, white(y) A cat(y), every(x, dog(x), chase(x, y)))
b.

some(y)

RN

white(y), cat(y) every(X)

RN

dog(x) chase(X,y)

c. hl:every(x,h3, hd), h3: dog(x), h7: white(y), h7: cat(y),
hS: some(y,h7,hl), h4: chase(x, y)



MRS Representation
“Every dog chases some white cat”

a. every(x, dog(x), some(y, white(y) A cat(y), chase(x, y)))

b.
every(x)

7\

dog(x) some(y)

RN

white(y), cat(y) chase(X.y)

c. hl:every(x,h3,hS5),h3: dog(x), h7: white(y), h7: cat(y),|
hS: some(y, h7,h4), h4: chase(x, y)



An elementary predication
contains exactly four components

1.
2.
3.

a handle which is the label of the ep
a relation

a list of zero or more ordinary variable arguments
of the relation

. a list of zero or more handles corresponding to

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



Future Structure (B&)
“every dog probably sleeps”

- mrs

hook
HOOK | GTOP handle
LTOP handle

[ _every_rel

LBL handle _dog_rel _prbly_rel _sleep_rel

RELS <| ARGO ref-ind .[LBL handle].[LBL handle].[LBL 9] ]>

RSTR handle | | ARGO ARG ARG
| BODY handle

qeq qeq qeq
HCONS <| HARG .| HARG | HARG .
LARG LARG |[6] LARG [9]

(h1, h7,{h2:every(x, h4, hS), h6:dog(x), h7: prbly(h8), h9:sleep(x)},

(h1=,h7, hd=, h6, h8=, h9})



Introduction to Grammar Engineering
with HPSG

Yi Zhang
20084

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

[0 Syntactic analysis helps to reveal the underlying
meaning of texts

[0 Need formalism to represent all semantic
distinctions which are syntactically (or
morphologically) marked

B Need to underspecify semantic distinctions which don’t
correspond to differences in form

B Abstract away from non-semantic information (case,
word order, etc.)

B Language independence



Deep parsing in Watson

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


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

Watsonld. BAREEZX

FETT DHENZEFFO

[0 Watsoné& ., Alexa, Google Home&lyvo7f=l/N\—YF )L -
TIORR VD RATLIEDTRKDEWIL, XDEFTEEDD
EWZH D,

OO0 Watson(&. iRUL\LAILTIE, XESGERICEXEHRLT,
ZTDET,. FWLRNILT., ZDHEBHEGEKRZTLESE
95, BARSEEN DM AIE. ESG(English Slot
Grammar)é:L\')IJﬁE_nrml HEDOLTLVS,

O Watsonld, COEERTDRENZRALT, BREET
abib SN F=WikipediaF D XREFFa AV G, F2Z1E
SNT-RNBT —IN—RZEERT HENTES,

I:Itt\Watsonli _')Lf_ﬁﬁﬁb\b B*LT_T 975\19\ 2




Slot Grammar® £ A& 3Tk

OXD=DD/XH. Slot GrammarDE R TH S,

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

B "The Slot Grammar Lexical Formalism”
http://goo.gl/57vxL4

M "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
http://l.facebook.com/l.php?u=http://goo.gl/57vxL4&h=HAQGKNO8HAQGnFlrhaCLLi4uMolLd7jZp7aBvOrla2Kd5IQ&enc=AZN15Ie58OMvq6KQTk4WAxOC6V_GE1MNr-gHDgsEtH4vNAkqaikNP4iaGcmfIguKeATLBJe6eZOJtbCJvq1LTUibj6nGIT6so56XHOP5grgRiJLHGvJGkZNVNQViSVV-nu8fegzzjxSWzYf5546sQThsPraPX0_MCbPxry8VNnsmLZ1HD5EVgraj4ouBiMUPIdQ&s=1
http://l.facebook.com/l.php?u=http://goo.gl/57vxL4&h=HAQGKNO8HAQGnFlrhaCLLi4uMolLd7jZp7aBvOrla2Kd5IQ&enc=AZN15Ie58OMvq6KQTk4WAxOC6V_GE1MNr-gHDgsEtH4vNAkqaikNP4iaGcmfIguKeATLBJe6eZOJtbCJvq1LTUibj6nGIT6so56XHOP5grgRiJLHGvJGkZNVNQViSVV-nu8fegzzjxSWzYf5546sQThsPraPX0_MCbPxry8VNnsmLZ1HD5EVgraj4ouBiMUPIdQ&s=1
http://goo.gl/57vxL4
https://goo.gl/P1ZgcQ
https://goo.gl/P1ZgcQ
https://goo.gl/P1ZgcQ

Slot&ld 2

O Slot&éLSDIE . EARMICIE. XPDADIENLGTEEAE
RLTWLS, O DSlotDFIEZEIF 5,

subj subject (E£&&
obj direct object (E#BIEE
iobj indirect object (BB IS

comp  predicate complement GRiE##:EE)
objprep object of preposition (Fij&z B IS
ndet NP determiner (& AR EF)

O Slot®+5—o D &L, BEEGHNTEEITH S,
FIZIE. complk, BEBEBOEIEZEDO5I18IELT. B

P . o =T e A -

VDEMRKRZTIKI -




Slot GrammarTO X ERIfET

O ZOEIL, “Mary gave John a book”% . Slot
GrammarTHEfLI=E D THS,

O GERIICIX, XOvk subjldk. "Mary"TlhiEf=ah 1. X
0wk iobjlX., "John"Tl@f=ah 1T\, F 4L, _OLT=
SR nld,. ROV GEMGREIZERILTLASIED
NhHhd,

obj
subj

m b nidet
q E.o N
i

\Mary gave John a book
b=

Figure 1: Slot filling for Mary gave John a book



“Mary gave a book to John.”

D) Tily
Surface Structure ]
|Tree Lines | | Slots | | Features r
Deep Structure
Word Senses || Arguments
( subj(n) Maryl (1) noun propn sg h
top givel(2,1,4,5) verb vfin vpast sg vsubj
ndet a(3) det sg indef
obj(n) book1(4) noun cn sg
iobj(p) to2(5,6) prep pprefv motionp
objprep(n) Johnl(6) noun propn sg h




[RBHEE (Surface Structure) &N RBEEE
(Deep Structure) |

O XDRTEELGDIX., ENGEEZRT | REEE
(Surface Structure) (EEKZIBSIEEHEE (Deep
Structure) IO Z DML XZEEMLEIIEL TS ECATS,
(H2&H., CNII50F L ERTD Chomsky LLSE D T HLHY
GERTE)

O350, FLLRTHES,

Slot GrammarTI &E#E (Surface Structure) 1%
HSTWLWADI(E., "Tree Line"&"Slot"&"Features"=&
SNTL\S, — AT, NFEHEE (Deep Structure) 1%
H-TWWADIL, "Word Senses"&E"Arguments"i=&E
nd.




“Mary gave a book to John.”
REBEE-FEBEE

Surface Structure

L ITree Lines | | Slots | | Features

/

Deep Structure

[ Word Senses

Arguments ]

7

subj’({l) Mar{l (1) noun propnsg/h

top givel(2,1,4,5) verb vfin vpast sg vsubj
ndet a(3) det sg indef

obj(n) book1(4) noun cn sg

iobj(p) to2(5,6) prep pprefv motionp
objprep(n) Johnl(6) noun propn sg h




OSEE, CORDOFILZERET FTHEMTTEBLED,
ZDEEIL. KREC. EDDE DI DS,

O —FXEIL. SlotEDEXETK Tree Line THH, _
nlL., EEITRBH#EE (Surface Structure) 1 Z2%&L

TV,

O R EaId. 583 Word Sense =08, #FNEF IR
iz 1ELTlexiconDI BHLEEIITx L TLYS, Lexicon
DIERTL—L (Sense Frame) . TRHELEE1IZx
L. Slot #I3|1HUELTHIEDTBHEHRES R 5, 1=71=.
CCTE—BI#HELTEZONTWADIE. ENENDEE
DXHTHOHBRIERTH S,

OB/, LLEINZR L2, ROBERL . COXDIERK ]
ZRIVITHEITHA,

Jedy( book(y) A givel(e, Mary, y John))

DX

DOEHIZ. FRFNDEDFeaturezxR L TLVS,

Featureld. LexiconDIERTIL—L (sense
Frame) | T5EzuNn5,



“Mary gave a book to John.”
Tree Line + Word Sense + Features

Surface Structure ]
|Tree Lines | | Slots | | Features r
Deep Structure
Word Senses | | Arguments
7" =
/ sub_](n) Mar‘;l (1)4@ propn‘sg/hr
top givel(2,1,4,5) verb vfin vpast sg vsubj
ndet a(3) det sg indef
obj(n) book1(4) noun cn sg
iobj(p) to2(5,6) prep pprefv motionp
objprep(n) Johnl(6) noun propn sg h




Featuretb> 7))L

0 Mary MFeaturelX. “noun propn sg h"=h%, 1%

NMDFeatureMERKIX,
noun: &5 ]
propn: proper noun Tl
sg: single TrE %]
h: humanT, I A1)

5 B 44 5

WInht, HFEICIIHETEESLEHRTHD,
[0 give®FeaturelZ. “verb vfin vpast sg vsubj” =A%,

FNEFNDFeatureD =KL,
verb: & |

vfin: finite verb TIE&: |

] E_ e 7,
~ vpast:[85EER ]

sg: 'H#| ThHsb,



Slot Grammar T E kI fZ4T

BRI EH RN AAVED&REIZRSHIZIE, giveD:d
a’é%ié:')o%ih’é HIZRITLI=BDZE givels:d
5&.givel(e, x, y, z)IE. 4R keT, xldylZzEd 5

ABI1TE

R SRR

O CO, EOROXEDHERMTRITIE,
Jedy( book(y) A givel(e, Mary, y John))

(2755,

O 5Lk

B ER aMsIEX, XAvk subj, obj, iobj 1%,

wWhEEgivel D3I x, v, z DRZFIEATET EMTES,
_O%K’C%L\L\odnbmzn b, BFEOEKRERT
J_‘Eno)‘[i%%:]:#’)glﬁﬂ &




Complemen

t Slotd

Adjunct Sloté&

O SO KRIITHBED 5 #IZGEHRAYRE., complement
Slot EME[E . Slot Grammar Lexicon(REwk3CiE
B ELOFELXRBLT. EEICEET IToNS,

L] _77_s %*LU%O)ZEI“JI\ ndet(JT_-n—.I J:EJT_-n—.I)O)J:jf&

AOvkIE, ad

junct Sloté&-

syntax|Zf8iE

L[ X T, Slot Grammar®
2 BT o b A 8




Slot Grammar Lexicon

O Slot GrammarTEELGKINZHEH-TWADIE., TDEE
£ lexicon EE&ETHH. CCTlE. ROFBXXIZHEHST.
ZFDO .= SLF(Slot Grammar Lexical Formalism)%
$BNALES, "The Slot Grammar Lexical
Formalism"http://goo.gl/57vxL4

OFF . 12E3FHELEAKIE. RDLS(ZHB, Il
taccess” ELVOEDEFZIEA TH S,

access
< V 0bj
< n (p to)



http://l.facebook.com/l.php?u=http://goo.gl/57vxL4&h=uAQGkeohuAQG_UacJUTH7AtENXg6dsCGST2j9ceaktvkBwA&enc=AZPqeF5DLuGw-UJqVbKV3ZyOp-gvkpmPwToKkyOdrtEf0xi9KlKiJ6NsO-a1a08JysIqt-FHzczaZlxDpn_Foqqx7LcSRJnzQe5sftp6wHWBxNVxlbjD1WwJhrKzAas-bSz9_jaSy_l2TrBimNOb02b6CcWpKMuA-fCSpvsGH_fpeUMyl4_fDi2lGOALobwU5OM&s=1

Slot Grammar Lexicon

O CCT, BHEEIL. accessTHD, cORHEIZDOINTZ
DDEZE v obj & n (p to) NEFINTLNS,
viZdverb Tl #zR |1Z2FER L. nlZnounTl &z 1ZFRLTLNS,

_nild,. RHEED

e cHhT=-%. cORIFIE, access

1T, B EBANBHLIEEZRLTNS,

access
< V 0bj
< n (p to)

RH:E
v (3 EE
n &%

O &5 v, n ®HEIZER< obj, (p n)lF. AAYRERLTLY

Do



Slot Grammar Lexicon

OXRDIR)—
give < v obj iobj
[X. giveld®EhEd (v) T, ZD2NDAXAYk obj & iobj #E45
_EFRLTLVS,

Alice gave the book to Bob.
Alice gave Bob the book.

Alice gave the book to Bob.
S, Nt —
obj iob]
Alice gave Bob the book.
v \W—/

iobj] obj



O PO XTlE, XOvk obj (&, £&&4(NP) the book
Tif-an, XOvk iobj (XFI&EEAAI(PP) to BobTiiE
f-Eh T, —DBEOXTIL, XOyk iobj (. %45
L& T. 41T BobTiEf-can. XAk obj (&, (EY
BRLAMB T, 4i4 the bookTiFE-an TL A,

O ZDMOXT. iobjZimf=LTL %31 DI(L. NPEto-PPTE
5D, m-LTWLWSEL D DHREMEEIEXREILED T,
—DODX. ELELTH, BObBAARZEZONT-AYPTHSC

ENHND, Alice gave the book to Bob.
N il i sl
obj iobj

Alice gave Bob the book.

iobj obj



Lexcon@D Ik )—D A

admonish < v obj (comp (p about against for))

admonish < v obj (p about against for)

admonition < n obj (p about against for)

drive < obj (comp lo)

She drove her car out
- =
obj (comp lo)

She drove her car onto the interstate.
\ / - -~ >
obj (comp 10)

She drove her car fifty miles.

ob] (comp 1o)



BE®RIL—L

[0 Slot Grammar®LexiconTI&.
%H:llm:l < IJIIIn—.I ZDJI‘ @1&5‘~s %O) @rfﬁﬁﬁu’&
FIIRIRA IS

O FDEBBICOVLVTOFDMOF I IEHRE. CORAIC
iff 58, Slot Grammar LexiconTlx, Z5Lf=5ii %
Sense Frame N7 —L | EFFEATLS,

RHEE < ma AOvE #FE cOMmOBEHR ...




Features

RHEE < maa AOvE #HE TOMmOEHR ...

O T34 (Features) IERGEICELVE=H. MmEalc &I, )
s DULVTDFutures, A& DLV TOFuUtures, & E
(2D TdDFeatures, BIFEICDOLNTODLINTDH
Futures ....&. #1Z<{DFeaturesh'®H 5.,

O DX . “The Slot Grammar Lexical
Formalism” http://goo0.gl/57vxL4 D ZLDEH .
_MDFeaturesMEEBIZHTHNTLVS,

O Features@FFMIC DLV TIE, AN—XADERET, ZCT

[FEENZZL RIS, ED—FPDYRALETRT,


http://l.facebook.com/l.php?u=http://goo.gl/57vxL4&h=kAQGt2sOZAQFliNDOIqFXo-f6YIDq0VaExBnlCAK10qKGcg&enc=AZMd0CWwAeZklwN_PbFKeGolNROq1SlyVq3WuM0mlVqfuUQwpyWzM-SD-D1FnJfIYR-cOsISPN4LaKEly-vwWEt7Ifhb0icWx6BA3yzzU6m-iY6NMITxhZym--jTJOKTOgzJtrJQV-VNkRnP4XvUJdtnEr4LVfBSQ5039431WoDH-2cNfMooIsgBj16LHDTqDwo&s=1
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Part II #EHEREZ~ADFHEHT7IO—F
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[0 Minimalist Programé& Categorial Grammar
0 Lambek vs Lambek
Categorial Grammar&Pregroup. Grammar
B The mathematics of sentence structure
B From word to sentence

O EHEETRIL [ £
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O CDEZEIE. XOERIEEEKRODBEREDONADEEZH
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DFIRHEATHD,

O F£—I2. EEHOFHF LWLVEREEL T, Lambek®
Pregroup Grammarh#sirend., ERIETENZE. SFEF
THDFILAFT—MDMinimalist Programé., RICAZAE. RILC
ERIEEZEDODELDELTIEA TS,

O ’éﬁ:l-s BERDIENR., BHROERICEHO T AEMIZEEL

REER-FTEEENEZTWNS, BEADETILHHIT T
—?h\%nu =3, Lawvere®Functor SemanticslZ.
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O XDOEKIE., BEOEKRIZIKFET S
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Colorless green ideas sleep furiously.

O XDEKIE . XOSGEMBRITIKEFT S

B _DODEKRZFED.HLFLVEX
I saw a man with a telescope.
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The mathematics of sentence structure:

JOACHIM LAMBEK
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Minimalist3;EEDTT)—3GEDUEIZDLNT

1 At THE CARTESIAN WELL: THE
MINIMALIST PROGRAM & CATEGO-
RIAL GRAMMAR

Imagine the following scene. You are at your fa-
vorite beer hall somewhere in Amsterdam—Ilet’s
call it the Cartesian Well. Well known meeting
place of intelligentsia, you are not surprised when
a thin person dressed all in black sidles up to you
and whispers in your ear, “Have I got a linguistic
theory for you!” You of course yawn, have heard
many such fables in your time; besides you have
drunk too much. “No, wait,” the figure grabs

your shoulder, “I've discovered that Chomsky’s
latest approach to syntax and categorial gram-
nvenging.”

Another flat-earth cultist? you think. “Well,
hear me out—at least let me buy you another
beer.” So you to listen to the tale:

19954 Berwick & Epstein

4 (CONCLUSIONS FROM THE BEER

HALL

To summarize, given the current push towards
“minimalism” in the so-called government-and-
binding approach seems to have eliminated both
government (and binding, not discussed here) in
favor of a single hierarchical concatenation op-
erator that meshes perfectly with the classical
theory of categorial grammar, as well as provid-
ing a natural explanation for the observed gram-
matical relations and a transparent framework on
which to build a model of sentence processing.
While this trend surely does not solve all our “re-
ligious” problems, it certainly goes a long way
towards taking down the “barriers” to a mature,
ecumenical framework within which to reach com-
mon ground among what has long appeared to
ite dispar nts of
Perhaps we can all now drink beer together.

“On the Convergence of ‘Minimalist’ syntax and Categirial Grammar”
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On the Convergence Of ‘Minimalist’ Syntax and
Categorial Grammar

Professor Robert C. Berwick, MIT Department of Computer Science

Professor Samuel David Epstein, Harvard Department of Linguistics
Cambridge, MA 02139

ABSTRACT

This paper shows that the so-called “Minimal-
ist Program” of Chomsky (1993, 1995) can be
given a natural interpretation as a categorial
system in which there is exactly one syntac-
tic (algebraic) operation: namely, “Hierarchi-
cally Concatenate” (HC) (what Chomsky calls
“Merge”), and also replacing the representations
of “D-structure,” ‘S-structure” and transforma-
tions with the derivation lines typical of catego-
rial systems—thus unifying two previously dis-
parate approaches to the analysis of natural lan-
guage. For example, the general “movement” rule
of transformational grammar is easily seen to be
a subcase of Hierarchical Concatenation of (al-
pha, beta), where alpha is a subtree of beta; this
automatically derives the usual ¢c-command con-
dition on so-called “empty categories.” The usual
semantic interpretation henefits of the catesarial

terpret” sentences.

1 At THE CARTESIAN WELL: THE
MINIMALIST PROGRAM & CATEGO-
RIAL GRAMMAR

Imagine the following scene. You are at your fa-
vorite beer hall somewhere in Amsterdam—let’s
call it the Cartesian Well. Well known meeting
place of intelligentsia, you are not surprised when
a thin person dressed all in black sidles up to you
and whispers in your ear, “Have I got a linguistic
theory for you!” You of course yawn, have heard
many such fables in your time; besides you have
drunk too much. “No, wait,” the figure grabs
your shoulder, “I’ve discovered that Chomsky’s
latest approach to syntax and categorial gram-
mar are converging.”

20164
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LANGUAGE AND EVOLUTION

Robert C. Berwick . Noam Chomsky

Berwick & Chomsky



Lambek: "Remarks on the history of
categorial grammar”

1 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.

[0 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.

0 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.

[0 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.

0 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.

[0 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.

[0 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.)



[0 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?
| must confess that | haven’ t mastered all these theories, although
| suspect that what some of them are about can be incorporated
into the pregroup framework.



[0 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
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2. Syntactic types

(I) (z/y)y —=, yly\z) - =

1958F M EXE

2008FDERIE v




3. Type list for a fragment of English

(1) John works
n n\s nn\s—s

(2) (poor John) works
n/n  n n\s (n/nn)n\s—>nn\s—s

(3) (John works) here
n n\s s\s (nn\s)s\s—>ss\s—s

(4) John (mnever works) N ((n\s)/(n\s)n\s)
n (r\s)/(n\s) n\s —»nn\s—s

(5) (John works) (for Jane) (nn\s) ((s\s)/nn))
(1 n\s (s\s)/n mn —SsS\s—s



3. Type list for a fragment of English

(6) (John works) (and (Jane rests))
n n\s (s\s8)/5 n n\s

(nn\s)) ((s\s)/s (nn\s))) = s ((s\s)/ss) >ss\s—s
(7) John (likes Jane) n ((n\s)/nn)

n (n\s)/n n - nn\s—s
(77) (John likes) Jane (nn\(s/n)) n)
n n\(s/n) n —s/nn-s

(I1) (z\y)/z +— =z\(y/2).



Table 1

Word Type Part of Speech Fries Class

(1) works n\s intransitive verb 2C

(2) poor n/n adjective 3

(3) here  s\s adverb 4

(4) never n\s/(n\s) adverb

(5) for s\s/n preposition F

(6) and s\s/s conjunction E,J

(7) likes n\s/n transitive verb 2B

ATA)=3CEDTATI)—IIE BFOATI) =D ATI)— &I,
EZOEREIEN, ENIE, LD IGEDT MmEE(Part of Speech) I#7=
DILKRTH D, EDHKRSn =l mEEIZzHTI ) —EFATIS,
COATI)—IF. FBOEEICLOTEIETECEINLEE LD |Z2HD,



4. Formal systems

John (likes

(fresh milk))

n n\s/n n/n n
N

n\s

Ne— —

8

n((n\s/n)((n/n)n))

—

n{(n\s/n)n)

XDIEHDETRIL.
B?'F[') Eljnno)jjT: U_
DEDETEMNL, XD
H731)— s #EHT S
iz IR R TRER
TZE5%,

— n(n\s) — s.



4. Formal systems

Merge (cool, water)
— {water, {cool, water}}

John (likes | (fresh milk))] Merge®:iEiHTH LD

n n\s/f n/n n FOGEHZBRWNEHLT

BRLLY, RILZ T

f=f=L. ZZTIL “water”
n\s EWSTRLEFETHS,

n((m\s/n)(n/n)n)) - n((m\s/m)n) — n(n\s) — .



. Type computations in English

Insert brackets in all admissible ways.

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’).

I. For each grouping and type assignment compute

the type of the total expression.

. Select that method of grouping and that type

assignment which yields the desired type s.



6. Pronouns

(8) he works, he likes Jane
s/(n\s) n\s s/(n\s) n\s/n n

(9) that’s him, Jane  likes him,
8/n (s/n)\s n n\s/n  (8/n)\s

Jane works for him

n n\s s\s/n (8/n)\s



(10) he likes him ;
s/(m\s) m\s/n  (s/m\s

(8/(n\8))(n\s/n)((s/n)\s)

() (2/y)(y/z) — =z/z, (2\y)(r\z) - =\z

(s/(n\s8))(n\s/n) — s/n
(n\s/m)((s/m)\s) — m\s




(he likes) him, he (likes him)
N N

s/n (s/n)\s s/(n\s) n\s.

(John works) for Jane

n n\s s\s/n n

(M\s)((s\s/m)n) - (n\s)(s\s) — m\s.

n — s/(n\s), n — (s/n)\s



(IV) =2 —= y/(z\y), =z - (y/z)\v.

n*(n*\n*/n')n o5 (*/n')n o5 (@*/A')n -5



From word to sentence:
a computational algebraic approach to
grammar

Joachim Lambek


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

I. Introduction

. Origin of languages.

. Grammar and mathematics.

. An algebraic approach to grammar.
. Mathematical interlude.
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basic types

[0 7 = subject,
r; = third person singular subject,

[0 s; = declarative sentence in present tense,
0 1 = infinitive of intransitive verb,

[0 j = infinitive of any complete verb phrase,
[0 o = direct object.

[0 We postulate
I73 — 11, i — j/



partial order

O reflexive: x — X,

O transitive: x — y and y — z implies x — y, and
[0 anti-symmetric: x — y and y — x implies x = y

[0 We may read x — y as saying that everything of
type x is also of type vy.



(zy)z = z(y=)

lr =a = xl.

v — 1, 2tz — 1,

m3(7m"s1j")(i0%)o = [m37"]s; [j'i][0%0O]
— [r7"]s1 [j'j] [0“0]
—> 181 11 = S,



she will come
3 (n's.J') i

In the above examples, the pronoun she has type
1T; to indicate that it serves as a third person

singular subject.
[t also has type &, since 73 — m. The instransitive verb

come has type 1 and also J, since 1 — J.

3 (n's)i — n (n's,y') i — 1 (7's43') j
— [ ﬂrslj/j —>1511 — S]_



she will see him
s (n"s;j')(io’)o

The transitive verb see has type 10/, to indicate that
1t 18 looking for an object on the right.

The superscript / is to show that 0/ cancels 0 from
the left, thatis, 0'o — 1.

The finite modal verb-form will here has type
7's1J’ to indicate that it is looking for a subject on
the left and for an infinitive on the right. The
superscript 7 1s to show that 7" cancels # from the
right, hence also w3, since

T3w —> T —> 1.

rn; (n's.3)(ioYo — nn's,j'io’'o — nn's,j’' jo'o
— (nn7)sy(j'j)(o'o) — 15,11 — sy



she will see him
s (n"s;j')(io’)o

The superscript ! again reminds us that J’ cancels j from
the left, hence also 1, since

i ji—1

3(77s1j")(i0")o = [m37"]s [j“i][0"0]
— [r7"]s1 [jj] [0%0]
— 181 11 = Sq

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



will she see him ?

(que’ﬁ'f) e (iof) o —
| L 1 | L |

Here we have introduced a new basic type
q; = yes or-no question 1n present tense

and assigned a new type qqJ'7’ to will.

whom will she see — 7
(@0 q")(qij'n")ms(io") —

a1

Nl

where we have introduced two new basic types

q = yes-or-no question in any tense,

q = arbitrary question (including wh-question)

and postulated

Qg — q —

qg.



The distinction between q and q is necessary, since a
guestion of type q can be preceded by when of type qq
and a question of type g 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 | makes
an appearance whenever Chomsky requires a trace.



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

whom will she see — ?

(3.1)  (go"q")(qij'n")ms(io’) — q

=

whom : qo° (q[

whom will : ﬁo[ ¢ q q jirt — qo'jirt,

whom will she : qo° J' 7r o}

J
0

— ﬁ
. e . . — A Pf f L
whom will she see: qo l iol — qo'o’, — q.
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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



HEGEETIL

s DRZIVE



=1
H

ERIEIETILIORANER

CCTIE TIL—ILOHR 1 ETT=LZDHF 1 DR KL Z£E
L=l
HAHEHR T, BRI NEE—[EDREHIEDEERAN S Z
LBNTWVSHELED, COEHFRZIE Theory |EFESZEIZLED,
CO)HE-:.HHJODTH'E’C HAHMBEPHNRYIIDDIE, COERDH
QM ELRASNSIGERIZES,

Arli 1O—DRIDEHAETEZ LD, COEFTIL, HHAEP
MELHTHTEITHD) CED. AIIDAETERERINTLS
E9 B, OL-tHAEIETIL Model 1 EFEIZS,
HAEBB/TEHDETILMIZDNNT, IRTOMBPIZTDLNT, XK
DREFZRMRYILDET D,

TIZEULNTQIFEEEARIEE > MIZE UL TlIETHS
DO, TIXETILMZRED, HAHANE MITTOETILTH S, &
LD,




HR LI f=LZ 1D

[JL—IL 1D

H 53R

IL—ILOEF1ETEZOEBRIOZDOHFL, HEMZEE
ELTWA, NIL—ILOR K= DR 12, BRBI®IGY

6. [T=EZDHEFIENIIL—ILDOHF 1

*%90

RV %

————N



—|
e
T
Hp
—

S

Hem T

&N

BB L — LAt
5z TN,
ZOTFT

An e (X EERA AT BE

=T ILIDH R

ETIL M

HALDDIL—ILH
COHFTIIRRYIIH>TINT
ZOTT

MEEIIRHTS



A\

I8 H

HRALTETILIOHER

ETIL M

BRI —IL Y
5x5h TV,
ZOFT

aneEQ (X EERA AT BE

MO tH 5
DHMRAE

(G
—)

TALDDIL—ILA
CHOHEFTIERRYILH>TLNT
ZOTT

MEEITRHTS

BEETH
Y ILD

5

it

REETILDOIZEIL 1H AU LT




[ IH

=
S

Him T

HFETETILIDOHR

X BZIL—IL D
5z TN,
ZOTFT

An AP (L EERA AT BE

ETI)LMIZL.

ETIL M

MO H R
DHMRAE

HALDDIL—ILH
DB TIEHYILH>TLNT
ZOTFT

MEQIEZEHET S
T HY _
Y312 Semantics
=

HwTICIERIZ5A25



/72‘_

fE-nHﬂk:ET)bﬂ)FasE]1zf~"é [T RTHDETILCEIZGShEEIL. —

f5 D

/72‘_

TILDOTEEHSTEIE

W EEEHIBCEIBARIRETH S 1 ELVS T THIOH THER =D (&,
7-)1/1&360 NET—TILDIEEHEFEE 1LV,

ZDFEENNS, [HAEGBNEFELLOZTNIEETILERFEDICE
MEMNS, https://goo.gl/SHLMsK

ETILOFEEETIZ. ROTL—ARUINL=RTA—L LDE

[ 15

BINBRATHD,

RN IER R REDETILERF LG, TNIXAIEETIILEHE

Do

]



https://goo.gl/5HLMsK

L—A_ANA L RO—LLDOFEHE
[ETILEEL DL, AIEETILEED]

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
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THE INDEPENDENCE OF THE CONTINUUM HYPOTHESIS
By Pave J, Conrx*
VEFARTMERT OF MATHEMATION, STANFURD UNIVERSITTY
Communioated by Kurl Gadel, Seplosvber 20, 1003

This &= the first of two notes in which we outline & proof of the faet that the Con.
tinuum Hypothesis cannot be derived from the other axioms of set theory, including
the Axiom of Choice, Sinoce Gidel' has shown that the Continuum Hypothesis is
consistont with these axioms, the independence of the hypothesis is this estab-
lished. We shall work with the usual axioms for Zermelo-Fraenkel set. theory,* and
by Z-F we shall denote these axioms without the Axiom of Choier, (but with the
Axiom of Regulnnty). By a model for Z-F we shall always mean s collection of
welual sets with the usual erelation satislying Z-F. We use Lhe standard defini-

tiony® (pr the ntey il ¢ lml n

@ 2 AA

»' 2 of reference
3, e A SomB o m uul ( unhn (0 h hodd

(2) The r-mlmuum (1e., ) \nhrr & means power gel) hu.u no \hl.-nnb_nng

(3) The Ariom of Chotee holds, but N, ™,

(1) The Ariom of Cheiee for countable pairs of dements in #(™w)) fasla,

Only part 3 will be discussed in this paper.  In parts 1 and 3 the universe s well-
ondered by o single definable relation.  Note that 4 implies that there is no simple
ordering of ®(P(w)). Sinve the Axiom of Construetibility implies the Generalized
Continuum Hypothesis,* and the latter implies the Axiom of Choies,* Theorem 1
completely settles the question of the relative strength of these axioms.

Before giving detalls, we sketeh the intuitive ideas involved.  The starting point
is the reslization® * that no formula alz) ean be shown from the axioms of Z-F
to have the property that the eollection of all x satisfying it form a model for Z-F
in which the Axiom of Constructibility (V' = L7) fuils. Thus, to find such models,
it seems natural 1o strengthen Z-F by postulating the existence of & set which is a
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Functor Semantics



Category&(d ?

O Categoryld. Object (%) &. ObjectRIDEEZRZETRT
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O XHRAMD FHEBAD 5t f %,
f: A > B &EHLDHT,

O *]‘%ABC HERELT. 8, g, h, ... 2. EEDMEIC
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2. 2TORE X IZHLT IEES 1,: X > X BEELT,
f: X 5 Y IZRLT, foly = f = 1,0B
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[0 Category C & Category DAY o7-HF
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Xthtx D1+ AF&FFunctor&E 5,

OCOH f: X - YZ DDO& F(f): F(X) — F(Y) oY yca
AY,0)% . Covariant Functor (X ZRF) EFESR,

O CO f: X - YZ DO F(H): F(Y) - F(X) I IBSE52ED7%,
Contravariant Functor(RZRBF) EFESS,
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FUNCTORIAL SEMANTICS OF
ALGEBRAIC THEORIES

F. WILLIAM LAWVERE
19634
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 C can be
seen as the “theory” of some such gadget. If D is
some other category with finite products, a product-
preserving functor F:C—D: then gives such a gadget
in D. We call this a model of C in D.

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

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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Semantic Parsing



CCG Semantic Parsing

00 CCGTIE. BN X DIEREERDIERAY. R, FRIE
E’JUEIEEE% ARXDETIThNd, ECEILAVNTRAGTT
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EI EE_:.HHEI’J&E B, Curry-HowardxtitCéh 5. Curry-
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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

Language to Meaning

Semantic
Parsing

More informative

at the chair, move forward three steps past the sofa
A\a.pre(a, tx.chair(x)) A move(a) A len(a, 3)A
dir(a, forward) A past(a,ty.sofa(y))



Language to Meaning

Semantic
Parsing

Recover complete
meaning
representation

>

More informative

at the chair, move forward three steps past the sofa
a.pre(a, vx.chair(z)) A move(a) Nlen(a,3) /N
dir(a, forward) N past(a,ty.sofa(y))



Language to Meaning

-

at the chair, move forward three steps past the sofa
Aa.pre(a, tx.chair(x)) A move(a) A len(a, 3)A
dir(a, forward) N past(a,ty.sofa(y))

\

J

J

J

J/

J

J Learn

f : sentence — logical form



Today

Parsing Combinatory Categorial Grammars

\

Learning Unified learning algorithm

J

Mlela[Slal  Best practices for semantics design

\

/




UW SPF

Open source semantic parsing framework

http://yoavartzi.com/spf

Semantic Flexible High-Order Learning

Parser Logic Representation Algorithms

Includes ready-to-run examples

[Artzi and Zettlemoyer 2013a]



Lambda Calculus
Literals

® Represent function application

city(AUSTIN)

|located_z'n|(‘;il USTIN, TEX Ail)

Logical expression List of logical expressions




Lambda Calculus
Lambda Terms

® Bind/scope a variable
® Repeat to bind multiple variables
Ax.city(x)
Ax.A\y.located_in(z, y)



Lambda Calculus
Lambda Terms

® Bind/scope a variable

® Repeat to bind multiple variables

Ax.city(x)
located_in(x,y) Body

__A




Lambda Calculus
Quantifiers!?

® Higher order constants
® No need for any special mechanics

® Can represent all of first order logic

V(Az.big(x) A apple(x))
—(d(Ax.lovely(x))

L(Az.beauti ful(x) N grammar(x))



Simply Typed Lambda Calculus

Aa.move(a) N dir(a, LEFT) A to(a, ty.chair(y))A
pass(a, Ay.sofa(y) N intersect(Az.intersection(z),y))

Type information usually omitted




SYSTEM

USER
SYSTEM
USER

SYSTEM

USER
SYSTEM

USER

SYSTEM

USER

Capturing Meaning with

Lambda Calculus

how can | help you ?
i “ d like to fly to new york
flying to new york . leaving what city ?

from boston on june seven with american airlines

flying to new york . what date would you like to depart boston ?

june seventh
do you have a preferred airline ?

american airlines

o .k .leaving boston to new york on june seventh flying with
american airlines . where would you like to go to next ?

back to boston on june tenth

[Artzi and Zettlemoyer 201 1]



Combinatory Categorial
Grammars

CCG 1S fun

NP S\NP/ADJ _ ADJ

CCG M x.f(x) Ax.fun(x)
S\NP -
Ax. fun(x)

S
fun(CCGQG)

[Steedman 1996, 2000]




CCG Categories
ADJ : Mx.fun(x)

® Basic building block

® Capture syntactic and semantic information
jointly



CCG Categories
Syntax ADJ] [)\xfun(a:)

® Basic building block

® Capture syntactic and semantic information
jointly



CCG Categories

Syntax ADJ]: Ax. fun(x)
(S\NNP)/ADJ : A\f \x.f(x)
NP :CCG

® Primitive symbols: N, S, NP, ADJ and PP
® Syntactic combination operator (/,\)

® Slashes specify argument order and direction



CCG Categories
ADJ [)\a:fun(x)

(S\NP)/ADJ : Af.\x.f(x)
NP :CCG

® J-calculus expression

® Syntactic type maps to semantic type



CCG Lexical Entries
fun F ADJ : Ax. fun(x)

® Pair words and phrases with meaning

® Meaning captured by a CCG category



CCG Lexical Entries

fun HADJ : \x.fun(x)

Natural CCG Category

Language

® Pair words and phrases with meaning

® Meaning captured by a CCG category



CCG Lexicons

fun - ADJ : Ax. fun(x)
is F(S\NP)/ADJ : A\f \x.f(x)
CCG FNP:CCG

® Pair words and phrases with meaning

® Meaning captured by a CCG category



CCG Operations

® Small set of operators
® |nput: I-2 CCG categories
® Output:A single CCG category
® Operate on syntax semantics together

® Mirror natural logic operations



CCG Operations

Application

B:g A\B:f=A:
A/B:f B:g=A:

f(
f(

)
)

)
)

® Equivalent to function application

® [wo directions: forward and backward

= Determined by slash direction




“"CCG is fun”
Parsing with CCGs

CCG 1S fun

NP S\NP/ADJ  ADJ
CCG  Af)x.f(x) Mx.fun(x)

S\NP
Ax. fun(x)

Combine categories using operators

A/B:f B:g=A:f(g9) (>)



"CCG is fun”
Parsing with CCGs

CCG 1S fun

NP S\NP/ADJ  ADJ
CCG M x.f(x) Az fun(x)

S\NP
Ax. fun(x)

<

fun(CCQG) | setcozsn

Combine categories using operators

B:g A\B:f=A:f(g) (<)



“"CCG is fun”
Parsing with CCGs

CCG 1S fun

NP |S\NP/ADJ AD.J

CCG ['Af x.f(x) / Ax.fun(z)
S)&P .

AY. Jun(r)

ombine catégories ufing operators

A/Bl: f |Bl.g=[A%} f(g) (>)




“"CCG is fun”
Parsing with CCGs

CCG 1S fun

NP B\NP/ADJ _ ADI
CCG | Af ) x.f(z) )\a:.ifun(:z:)
>

S\NP /

Combijhe categorjes using §perators

A/B:Lfl B:g= A:lf(g) (>)




“"CCG is fun”
Parsing with CCGs

CCG is fun
NP | S\NP/ADJ  ADJ
C Afx. f(x) Az fun(x)
S\NP -

- <
fun(CGG)
Combine categories u§ing operators

Blg [A\B| f =4 f(g) (<)




“"CCG is fun”
Parsing with CCGs

CCG s fun
NP S\NP/ADJ ADJ
CCG| M x.f(x) Ax.fun(x)
T S\NP -
)\a:.fucz(x)
s 7 :
Fun(CQC)
Cfmbine categoy’é using\operators
lg] AAB{f= A:|f(g) (<)




CCG Operations

Composition

A/B:f B/C:g9g=A/C:Xx.f(g(x)) (> B)
B\C:g A\B:f=A\C:\x.f(g(x)) (< B)

® Equivalent to function composition™

® [wo directions: forward and backward

* Formal definition of logical composition in supplementary slides




CCG Operations

Composition

IA/B : f| |B/C' : g|:>|A/C : )\:Ef(g(w))\ (> B)

B\C:g A\B:f= A\C:)\x.f(g9(x)) (< B)

® Equivalent to function composition™

® [wo directions: forward and backward

* Formal definition of logical composition in supplementary slides



CCG Operations
Type Shifting

ADJ : Ax.g(x) = N/N : Af \x.f(x) A g(x)
PP : \x.g(x) = N\N : \f. x.f(x) A g(x)

) = S\S : Af.Xe.f(e) A g(e)

) ) A gle)

AP : de.g(
AP : de.g(e) = S/S : Af.de.f(e (e

€ A
A\
® Category-specific unary operations

® Modify category type to take an argument

® Helps in keeping a compact lexicon



CCG Operations
Type Shifting

IADJ cAx.g(x |:>‘N/N Af Az f(x) g(az)\

) A

PP : \x.g(x) = N\N : Af\x.f(x) A g(x)
) g
) g

AP : de.g(e) = S\S : Af.X\e.f(e) A g(e)
AP : de.g(e) = S/S : Af.de.f(e) A g(e)
® Category-specific unary operations

® Modify category type to take an argument

® Helps in keeping a compact lexicon



CCG Operations

Coordination

and — C':cony

or -C :disj

® Coordination is special cased
- Specific rules perform coordination

= Coordinating operators are marked with
special lexical entries



“square blue or round yellow pillow”

Parsing with CCGs

square blue or round yellow pillow
ADJ ADJ C ADJ ADJ N
Ax.square(x) Ax.blue(x) disj Az.round(x) Az.yellow(x) Azx.pillow(x)

Use lexicon to match words and
phrases with their categories



“square blue or round yellow pillow”

Parsing with CCGs

square blue or round yellow pillow
ADJ ADJ C ADJ ADJ N
Ax.square(x) Az.blue(x) disj Az.round(x) Az.yellow(x) Azx.pillow(x)

N/N
A Az f(x) A square(x)

Shift adjectives to combine

ADJ : Ax.g(x) = N/N : Af x.f(z) A g(x)



“square blue or round yellow pillow”

Parsing with CCGs

square blue or round yellow pillow
ADJ ADJ C ADJ ADJ N
Ax.square(x) Az.blue(x) disj Az.round(x) Az.yellow(x) Azx.pillow(x)
N/N N/N N/N N/N
Af Az f(z) A square(xz)  Af.Az.f(x) A blue(z) Az f(z) ANround(z) Af.Az.f(z) A yellow(z)

Shift adjectives to combine

ADJ : Ax.g(x) = N/N : \f. x.f(x) A g(x)



“square blue or round yellow pillow”

Parsing with CCGs

square blue or round yellow pillow
ADJ ADJ C ADJ ADJ N
Az.square(x) Az.blue(x) disj Az.round(x) Azx.yellow(x) Az.pillow(x)
N/N N/N N/N N/N
Af Az f(x) A square(z) Af.Ax.f(x) A blue(x) Af Az f(x) Around(x) AfAz.f(x) A yellow(x)
B B
N/N - N/N -
A Azx. f(x) A square(z) A blue(x) Af Az f(x) A round(x) A yellow(x)

Compose pairs of adjectives

A/B:f B/C:9g= A/C:\x.f(g(x)) (> B)



“square blue or round yellow pillow”

Parsing with CCGs

square blue or round yellow pillow
ADJ ADJ C ADJ ADJ N
Az.square(x) Az.blue(x) disj Az.round(x) Az.yellow(x) Az.pillow(x)
AT / ‘Z\T .A/T / AT AT / AT AT / *]\T
Az .f(z) A square(x) ANf.Ax.f(x) A blue(x) Mz f(z) ANround(z) Af ) z.f(x) A yellow(z)
B B
N/N g N/N g
Af Az f(x) A square(zx) A blue(x) A Az f(x) A round(x) A yellow(x)

>

N/N
Af Az f(z) A ((square(z) A blue(z)) V (round(x) A yellow(x)))

Coordinate composed adjectives



“square blue or round yellow pillow”

Parsing with CCGs

square blue or round yellow pillow
ADJ ADJ C ADJ ADJ N
Ax.square(x) Az.blue(x) disj Az.round(x) Az.yellow(x) Ax.pillow(x)
N/N N/N N/N N/N
Az f(x) A square(z) Af. z.f(x) A blue(x) Af Az f(x) ANround(z) AfAx.f(x) A yellow(z)
B B
N/N g N/N g
Af Az f(z) A square(x) A blue(x) Az f(z) A round(x) A yellow(x)
®
N/N g

Az f(z) A ((square(x) A blue(x)) V (round(z) A yellow(z)))

N
Az.pillow(z) A ((square(x) A blue(x)) V (round(x) A yellow(x)))

Apply coordinated adjectives to noun

A/B:f B:g=A:f(g) (>)
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“vellow banana” 3£ ELTHRHONS

bavona. Nellow loanana
1n'£.L
n wt \ _ \-VI = N
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“bananas are fruit” (IXTHB

banonas oave

\\ g
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Functor: syntax - semantics

[0 To summarize, the language model of Coecke et. al.
amounts to a structure-preserving functor
syntax — semantics

[0 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.



he Semantics Category:
Vector Spaces



The Semantics Category: Vector Spaces

[0 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.

[0 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.



ZDEKXRODEETIL

[0 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:

[0 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}.



ZDEKXRODEETIL

(1 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 {w1l, .. .,
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 = Yl cw;

[0 The coefficients ci are real numbers that indicate
the number of times that w occurs near wi in the
corpus



ZDEKXRODEETIL

[0 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

1 0 0
sweet = | ( green = | 1 furry = | 0
10 10 1]

21 8 43
banana= | 9 puppy = | 1 fruit = | 19
0 32 0



[0 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)

Ve

puep

%reen
W

Sweek @



[0 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



[0 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



[0 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

[0 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

[1 F assigns to the noun type n a vector
space N : Fn, which we'll call a noun space

[0 F assigns to the sentence type s a vector
space S : Fs, which we'll call a sentence space

On morphisms

[] F assigns to a type reduction 4 5 ba linear
map Faz -1 Fp 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

[0 'F preserve the compact closed structure’” means
that

* units and counits in Preg{n, s} map to units and counits in FVect
e.g. given n € Preg{n, s},

r l r !
FA-In'n) =F1 - nnly =gy and  F(nn” - 1) = F(nln 25 1) = ey
where jy: R - N® N and exy: N®N — R are the linear maps
that we defined on p. 17. A similar idea holds if we replace n by
any element of Preg{n, s}.



® duals map to duals

e.g. F n" = Fn! = N*. But our vector spaces are finite dimensional
and so N* ~ N and therefore Fn" = Fn! = N.

* a compound type is assigned to a tensor product of vector spaces.




Compute the meaning of
“bananas are fruit”



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

banana—-n

are - n‘sn
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

1 0 0
w1 =sweet= |0, wy =green= |1], w3 = furry = | 0
0 0 1

These basis vectors generate the noun space.




Step 2: Fix alnoun space Fn = Njand a
sentence space Fs =

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:

Fin'sn) = N®S®N



Step 3: Determine the vector

representations of each word in the

sentence.

21 43
bananas= | 9 |, fruit = | 19
0 0

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 n'sn! and is
therefore a vector in the tensor product N ® S Q N .



[0 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 ¢; which is

1, ifw;is wj,
Cij =
0, otherwise

are —

o O =
S = O
_-O O




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

banana is fruit
677;' 1, '6711

Nn n'sn'n > S

€;, 1 €n

nn"-->1, s-->s, nn-->1




Step 5: Apply F!

banana is fruit

Nn n'sn'n

Fn=N, I:'nf=N, Fs=S, I;n/=N, Fn=N
F(nn" =" 1) = F(n'n - 1) = en

N

NoON®S®QN®N NN g

Functor F
Svntax — Semantics




1 0 0f[43]
ey ®1s®en(bananas® are ® fruit) = [21 9 O] 0 1 0|19 = 1074
00 1][0]
f?

The meaning of the sentence bananas are fruit is
10741
V=> cp7i@7;@ureVasSaW {

ijk ]

[(TeVed) = aelsea(TeVew)
=Y (TN T (W)

ijk

ik

o O =
o = O
_ O O



DisCoCat (DIStributional COmpositional
CATegorical ) ETET )L Maaike Zwart

https://www.youtube.com/watch?v=99keybEZN4g
NN T



Mathematical Foundations for a

Compositional Distributional Model of
Meaning

Coecke, B.,
Sadrzadeh,

M., & Clark, S.
20114

Linguistic Analysis,
36(1-4), 345-384.
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] Basic Type

n: noun s: declarative statement
7. infinitive of the verb o glueing type

John  likes  Mary

n  (n"snl) n

n(n"snn — 1snln — 1s1 — s

n n" s nl n

|\




John does not like Mary
n (sjlo) (07jjle) (o"jnl)  n

n(n"sjlo) (c"jjlo) (6" jn')yn — s

n  n'sjlo  o"jlo  o'jn!

I\




Graphical language for monoidal
categories.

14 f gof la®1p f®le J®g
|A
|A f A B |c
A f |3 A |B f C f g
IB g B D IE
|B
Vv:Il—-A 7wm:A—1 mo: I —1




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

B

G, 14 E
, — process depending on
S grammathical structure

| s




Compact closed categories

Cartesian I I

non-Cartesian /\ # /I\ /I\

But if we consider a verh. then its grammatical type is mrsnl,
that is, of the form N ® S ® N within the realm of monoidal
categories

i

object -J 1 k subject

meaning of sentence



Graphical language for compact closed
categories.

m Al A. m AlA"
a4 U o a4 U

A A A
ftﬂ T] m T’
Al A Ar



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

=g RoVeVile Y @07,

=" VeoVoR: Zcij Vi ® ﬁj = ZCU<7I|E>J> '

elzeriV@V—)RZZZCU?i@?j'—)ZCﬁ-

17 7



A Pregroup as a compact closed category

€ 1,0 nen"@san'@n—s.



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.

language language

A

FVect «—— FVect x P

Tm Tg

P




(f:V—=W,p<q)

(f, <) (V.p) = (W,q)

0. <) R > VeV.p-p) 0.<):R1)—=>(VeV,p - p)
(el,g) (VeV, pl-p) — (R, 1) (e, <): (VeV,p-p')— (R, 1)



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

Definition 3.2. We define the vector wq - - - Wy of the meaning of a string of words

wq - - - w,, to be

wq -+ Wnp :f(171>®®177§)

where for (W;, p;) meaning space of the word w;, the linear map f is built by
substituting each p; in [p1 - - - p, < x| with W,

Thus for @ = [py -+ p, — x] a morphism in P and f = a[p; \ W;] a linear
map in Fvect, the following is a morphism in Fvect x P:

<
M- W, p1-pn) U (X, z)

We call f the ‘from-meaning-of-words-to-meaning-of-a-sentence’ map.



[0 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

[0 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.



[0 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(n"sn')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,; n'sn!).

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:



(VT oW, n(n"sn')n) =) (S, s)

f=erR1sQ@ew : VR (VRISQIW)@W — S

VRSeW Z2VWS =Z2V*eW* —» S
V¥*=Vand W* =W

f(7®3®@’)65f0r7®3®17}61/®5®w

N T O
) |




O —#&IZ, BEWICSDONT

ijk

f(7®3®ﬁ) = €V®15®6W(7®3®ﬁ)
= Y i (V|0 T (W W)

ijk

= > (Ycijk<ﬁ|ﬁi><dk|w>) 5
7 1k




Note that, in Dirac notation, f(7 ® U ® ) is written as:

(& ®1s@(]) [T T o).




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

- - ——
John € 'V, likesc€l, Maryec W

—> — =
likes = Z i @ likes;; ® J;

1j

F (s olkes @ Fa) = 3 (a | ) ikediy (7,1 7

L]
—
= Z 531' llkBSij 5]'4

— .
Py I mglikes f;
= llk8834 = —
0 0.W.



4.2 Negative Transitive Sentence
“John does not like Mary”

John does not like Mary

n(n"sjlo) (c"jjlo) (" jn')n

f=(1s®@er®er)o(ev®@1s@ 1 @ey @1y @1 ey @1y Rew) :
VoV *eSeJ* V) (V'eJJ* V) (Ve JeW*) W = S

and depicted as:

U‘IK_JIlLJlu



When applied to the meaning vectors of words one obtains:
— —
f(?@does@rﬁ@ VW)

which 1s depicted as:

—
S=J and does:Z?i®?j®?j®?ieV®J®J®V.

11

dOGSZ(lv®nJ®lv)OnV:R—>V®J®J®V



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

Wy = Z?i®f(?i)

vV V
M = w- | B
W v w



The trick to implement not will be to take this linear map to be the linear matrix

: : : . : . .. (1 0
representing the logical not. Concretely, while the matrix of the identity 1s ( 0 1),

: : . (0 1 . . :
the matrix of the logical not 1s ( | 0) . In Dirac notation, the vector corresponding

to the identity is |00) + |11), while the vector corresponding to the logical nor is
|01) + |10). While we have

docs = Z" (]00) + 1) @€, €e VRJRJQV,

we will set

not = Y ;@ (0)+10)®F; € VRJIRJIRV.

docs — ol —
0O€es = n not =



Pt AN
-,

— | &

not

does

AN

-4
/P\
TV EY

>®€W> (7@3@3)

0 1
1 0

(oo

AR SN
-/ N




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

like = i, ®@like; @ f;  for  like;j = 1) miTikes f;
: 0 1 :
Setting N = AL obtain:

%
(ey @ N ® ew) (73 ® likes ® ?4) = Z (s | my N llkesz'j)(?j | fa) =
Z d3; N llkesw — N(ll'/<4&>V34) =

1) likesy — 0) { 1) ms does not like f,
—
0)  likesq = [1)



5 Comparing meanings of sentences

[0 Hierarchical Meaning.
— 33— 11—
likes = —loves + —hates
4 4
[0 Negative Hierarchical Meaning

[0 Degree of similarity of positive sentences

, . 3, —
<J0hn loves Mary ‘ John likes Mary> =1 | lovessy |2

<J0hn hates Mary | John likes Mar§’> =

(7(7s @ hates ® 74) | f(7s @ likes © 7)) =

e

<J0hn loves Mary | John hates Mary/~> =

<f(7%3®107es>®?4) |f(713®ha7§®?4)> —0.



[0 Degree of similarity of negative sentences.

f(m;g@c@@m@lm/é@ f}4) ‘f(ﬁ;@@@%%@liké@ f>4)>

— ( hatesyy ZlOV€S34 + 'Zha1‘6834

W e — g /— —
= 7 hatessy | lovesss ) + 1 hatess, | hates3y ) =

<J0hn does not love Mary | John does not like Mar§> =

o



[0 Degree of similarity of positive and negative
sentences.

(f (T3 ® does ® not @ like @ f 4) ‘f(m3®like§® £4))

l—> 3— | 3— 1—>»
— <ZZOV€S34 + Zhates;ﬂ ‘ ZZOV€S:34 + ZhateS34>
1 3 ,— | — 3 1. ,— | —
= (Z X Z)(love534 | lovessa) + (Z X Z)(hates;M ‘ hatessy )
1 3 3 1 3
(7x )+ (gx7) =3



http://events.cs.bham.ac.uk/
syco/2/slides/lewis.pdf
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Applications (1/2)

Why are CDMs important?

The problem of producing robust representations for the
meaning of phrases and sentences is at the heart of every
task related to natural language.

e Paraphrase detection

Problem: Given two sentences, decide if they say the same
thing in different words

Solution: Measure the cosine similarity between the sentence
vectors

e Sentiment analysis

Problem: Extract the general sentiment from a sentence or a
document

Solution: Train a classifier using sentence vectors as input



Applications (2/2)

@ Textual entailment

Problem: Decide if one sentence logically infers a different one

Solution: Examine the feature inclusion properties of the
sentence vectors

@ Machine translation
Problem: Automatically translate one sentence into a different
language

Solution: Encode the source sentence into a vector, then use
this vector to decode a surface form into the target language

@ And so on. Many other potential applications exist...



Quantizing the grammar

Coecke, Sadrzadeh and Clark (2010):

Pregroup grammars are structurally homomorphic with the
category of finite-dimensional vector spaces and linear maps
(both share compact closure)

@ In abstract terms, there exists a structure-preserving passage
from grammar to meaning:
F : Grammar — Meaning

@ The meaning of a sentence wiws ... w, with grammatical
derivation « is defined as:

WiWs ... W, ::]-'(a)(W{@W;@...@W),,)



A multi-linear model

The grammatical type of a word defines the vector space
in which the word lives:

@ Nouns are vectors in N;

@ adjectives are linear maps N — N, i.e elements in
N® N,

@ intransitive verbs are linear maps N — S, i.e. elements
in N® S;

@ transitive verbs are bi-linear maps N@ N — S, i.e.
elements of N® S ® N;

@ The composition operation is tensor contraction, i.e.
elimination of matching dimensions by application of inner
product.




Graphical calculus: example

}-( / \ N N NS N

/N /\ IR

Adj

Sad Clowns tell Jokes

-
F(a)(trembling ® shadows ® play ® hide—and—see)

Sad clowns tell jokes




k-hyponymy interacts well with compositionality

@ We would like our notion of entailment to work at the
sentence level.

@ Since sentences are represented as positive operators, we can
compare them directly.

@ If sentences have similar structure, we can also give a lower
bound on the entailment strength between sentences based on
the entailment strengths between the words in the sentences.

Suppose [dog]| <\ [pet] and [park] <, [field]. Then

[My dog runs in the park] <777 [My pet runs in the field]




How should we build density matrices for words?

entity

;r

entity, phy sical thing

object, phy sical object

atural object rtefact, artifact
plant part mechanism enclosure surface
plant org mechanical dev ge, coop k




Understanding neural networks as a semantics category for
Lambek categorial grammar opens up more possibilities to use
tools from formal semantics in computational linguistics.

@ We can immediately see possibilities for building alternative
networks.

@ Decomposing the tensors for functional words into repeated
applications of a compositionality function gives options for
learning representations.

@ Brittleness of word types in DisCo is alleviated



@ Vector spaces provide a good means of talking about
similarity between words.

@ But both conceptual spaces and positive operators give us a
richer word representation.

@ We don't have a good way of building word representations in
conceptual spaces yet, but using information from WordNet to

build density matrices seems to give good results with very
little effort.
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Appendix Quantum Semantics

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

[0 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


https://arxiv.org/pdf/1305.0556.pdf

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

(1 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

[0 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

g
C

ALICE

BOB



1 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 T , 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.

ALICE

BOB



When interpreted in Hilbert space, the key ingredients of this formalism are
‘cups’ and ‘caps’:

‘ ’ :=(00) + [11) r \ := (00| + (11

and the equation that governs them is:
(({00] + (11]) ® Id)(Id & (|00) + [11))) = Id

which diagrammatically depicts as:

S —— — e e ——— =l ———————y '




Solution to the NLP problem: the intuition

Alice ® hates @ Bob = W W V

V\V :BE

Z g — > ‘ \
( i (“|®Id) (Alice ® dreams) = W W




IA



Solution to the NLP problem: the
algorithm.

n~» Yy tv="n-sn T~ VIWRY

—> .
1. Compute the tensor product Words = 7, ® ... ® U}, of the word meaning
vectors in order of appearance in the sentence; e.g. noun; ® verb ® nouns.
2. Construct a linear map f that represents the type reduction as follows: given
the diagram that represents a type reduction (cf. (1) above), we interpret

caps as ) . (7i| and straight wire as identities; e.g. > _.(i| ® Id ® > _.(ii|.

3. Compute Sentence = f(Words) € W.



grammar

like

Bob

meaning vectors of words
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