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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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Flat spaces
Euclidean geometry — Minkowski geometry
Kronecker 0 tensor — 1 tensor
Newton physics — special relativity

Non flat spaces (always locally flat)
Curved metric — gravitational field
Riemannian geometry — Einstein general relativity

https://goo.gl/UGZY4M
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THE INDEPENDENCE OF THE CONTINUUM HYPOTHESIS
By Pave J, Conrx®*
DEFARTMERT OF MATHEMATION STANFOKD UNIVERSITY
Communioated by Kurl Gadel, Seplesvber 30, 1963

This i the first of two notes in which we outline & proof of the fact that the Con-
tinuum Hypothesis cannot be derived from the other axioms of set theory, including
the Axiom of Choice, Sinoe Gidel' has shown that the Continuum Hypothesis is
consistent with these axioms, the independence of the hypothesis is this estab-
lished. We shall work with the usual axioms for Zermelo-Fraenke! set. theory,* and
by Z-F we shall denote these axioms without the Axiom of Choier, (but with the
Axiom of Regulanty). By a model for Z-F we shall always mean s eollection of
wetual sets with the usual erelation satislying Z-F. We use the standard defini-
tions® for the set of integers w, ordinal, mid eardinal numbers.
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Before giving details, we sketeh the intuitive idess involved.  The starting point
is the realization® * that no formula a(z) ean be shown from the axioms of Z-F
to have the property that the eolleetion of all z 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 o
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“"What is applied category theory?”
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“Quantum Computation and Lattice
Problems” by Regev

We present the first explicit connection between
guantum computation and lattice problems. Namely, we
show a solution to the Unique Shortest Vector Problem
(SVP) under the assumption that there exists an
algorithm that solves the hidden subgroup problem on
the dihedral group by coset sampling. Moreover, we
solve the hidden subgroup problem on the dihedral
group by using an average case subset sum routine.

https://arxiv.org/abs/cs/0304005
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Doctrine
John Baez https://go0o.agl/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://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
definition of “a kind of category”! He called such a
thing a “doctrine”:
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“Syntactic Structures”
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“Minimalist Program”
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“The Science of Language: Interviews with
James McGilvray” Hv5
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a] “drink water” OM4E
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B (Drinking/Drinking water) ____is fun.
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B There's some water on the table

B *There's some drink water on the table
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Language =
Interfaces + Recursion
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“"The Faculty of Language: What Is It, Who Has It,

and How Did It Evolve?” http://goo.al SppH
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"Syntactic Structures”
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Lambek 19584

"The mathematics of sentence structure”

The mathematics of sentence structure:

JOACHIM LAMBEK

The definitions [of the parts of speech] are very far from having attained the degree
Euclidean geometry.

Otto Jespersen (1924).
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From word to sentence:
a computational algebraic approach to grammar.

Joachim Lambek

McGill University,
Montreal, Canada.
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Minimalist3EEHDTT)—3GEDUEIZDULNT

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-
nverging.”

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

WHY ONLY US

LANGUAGE AND EVOLUTION

Robert C. Berwick . Noam Chomsky

Berwick & Chomsky
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The mathematics of sentence structure

JOACHIM LAMBEK


http://lecomte.al.free.fr/ressources/PARIS8_LSL/Lambek.pdf
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Syntactic types
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Syntactic types
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Type list for a fragment of English

WO DERXDHIT, BERSTHED



Sample 1
John works

John Works
n n\s

4

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

4

S



Sample 2
Poor John works

(Poor John) works
n/n n n\s

4
(n/n)n(n\s)
(n/n)n(n\s)

n(n\s)

d

S



Sample 3

John works here

(John works) here
n n\s s\s

4
n(n\s) (s\s)
n(n\s) (s\s)

s(s\s)

4

S



Sample 4
John never works

John (never works)

n (n\S)/in\S) n\s

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

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

4

S



Sample 5
John works for Jane

(John works) (for Jane)
n (n\s) (s\s)/n n

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

s(s\s)

4

S



Sample 6
John works and Jane rests

(John works) (and  (Jane rests))

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

4
(n(n\s))((s\s) / s(n(n\s)))
(n(n\s))((s\s) / s(n(n\s)))

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

4

S



Sample 7

John likes Jane

John (likes Jane)
n ((n\s)/n n)

n ((n\g/ nn)
n ((n\s) / nn)
n (n\s)

4

S



Sample 7'
John likes Jane

(John likes) Jane

(n n\(s/n)) n
(n rl\(S‘/n)) n)
(nn\(s/n) n)

s/nn

4

S



sample7&sample?’

Sample?7
John (likes Jane)

n ((n\s)/n n)

Sample7’
(John likes) Jane

(n no\(s/n)) n

(n\s) /n < n\(s / n)
(1) (2\y)/z +— =2\(y/z).



(1)
(2)
(3)
(4)
(5)
(6)
(7)

Word

works

POOT
here

neveEr

and

likes

n\s/(n\s)

Part of Speech
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Formal systems

John (likes (fresh milk))

n n\s/n n/n n

W

n\s

| —

8

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

—  n{(n\s/n)n)

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

— n(n\s) —- s



Formal systems

. . Merge (cool, water)
John (likes | (fresh milk))] {water, {cool, water}?

n n\s/1} n/n n Merge®:iEiwm CTH LD
J:jfd"%:tljglb\ll\tljt/-t
ﬂ\ {J\XLL\ D.Lutf:o
————r f==L. ZZTI& “water”
8 &L\:)%’Q)Hi;ﬁgf‘&?%)o

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



Type computations in English

V.
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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  (s8/n)\s

Jane  works for him

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



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

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

() (z/y)(w/z) — =2/z, (2\y)(¥\z) - =\z

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




(he likes) him, he (likes him)
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\s8), n = (s/n)\s



(IV) = —= y/(z\y), =z - (y/z)\v.

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



Pregroup Grammar




From word to sentence:
a computational algebraic
approach to grammar

Joachim Lambek


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

“She will see him” @ #&#r

She will see him

T3 T' S1j l

L jol o

She : 1,
Wlll . T[TSljl
see :io!

him : o



S DFIzHE TLNATE AR

She will see him
3(n"s1j')(io')o

m = E3h

T3 = ZAMBHDIEEE

s, =lHEPODEEX

[ = BEIGRIOARER

j = EEHFEAOTFER

0 = EEHMEE




FIEF —

- Z . ROEHEmR-TFIEFET D,
RHFTFE: x > x
WRE . x > y Ty > zHbL. x > z
RAf#E:x > y Ty > xlGbx=y

RDIL—ILEEDH B,

Ty > T,L >

X—>YI[E BEXDITARTHRYTEHLEGL EMNTES,



IW—IL 13 = mi = j DHET,

She will see him
(" s1jt)(io')o
= [m3n"]sq[j'i][0"0]

> [rr"]s1[j'j][0'o]
- 15,11 > 54

——TC., xy)z=x(yz). 1x = x = x1.
xx” = 1,x'x - 1 Z&FE>o7=,



She will see him

m3(7"s1j")(10%)o = [ma7"]s; j‘?i]_[oeo]_l
— [ra]s1 [if] oo

—>].Sll]. — 81,

(y)z = =(y2)

zx” — 1, 2fx — 1,

lr = o = x1.



"she will come”

She will come
T, 'Sl i

will: s j!

15 (1"s1j')i
— 1 (n"sjb)i
- 1 (1"s4j") j
- s jlj

— 15,1
— Sl



"She will see him”

She will see him
m, n's{j' io! o

5 (n'sjY)(io%)o
— nn'sqjlio'o
— nn's.j'jolo
- (wn")sqj j)(0'o)
- 15411
—> Sl



“Will she see him?”

Will she see him ?

(q1j'm)ms(io)o = q1 | will: qqjim

e A

T HLWE g Z28AT S
q1l&. yeshno TEZHEEXDIRER,
Fr-owilllo & g, jln! 2EYHTS,



“Whom will she see?”

Whom will she see ?

(go"q")(qu'n)ms(iot) - g
L]

CCTC.HLWE g LgzEB AT S
qld. yeshno TEZHEE DRI D EE[E X
glE. wh-8E Xz CEE DX
g1~ q —» q THD

- xtxl -1, xTx™ -1




(3.1)D K75 XA,

EDEIITVTILEA LTETSNEDD?

whom will she see — 7
(3.1) (qoeeqe)(quemg(lioe) — q

| = =

whom : qo6“d’,
whom will : qo” q‘qq j'nt — qo'j'n’,

|

whom will she : qo“j‘n‘ry — qo%j’.

h [l sh . goj‘io’ — _I(A)aoeI — q
whom will she see: O™ ] q qg.
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ZEIFEERDIERIEIZDINT

FE=E ERROEAIE

-- AT —mI D ERERER --

® H7 ') —FmHIE I 7 FUERERm Overview

® DisCoCat AP

® DisCoCat -- Coecke’s original form

® Interlude -- Monoidal category&String Diagram
® DisCoCat -- Coecke’s diagrammatic calculus



A7) —iwmeY
BRI D B EIREm Overview




A7) —EEHI

BRI BLERRERIZ DN T

FE=TIE. hT7I) - ALV BRI RERREEE
9 %,

EARMGEREEREIE. [ XOEKRIE. BRODEDEKRSE. 58
Mo X BT H3GERANC J:of*ﬁﬁiﬂ’]kﬁ&méhé]&
LSRR IREZXOERMBICEWNTLERTHAZETH
%,

[HT3)—SmRIER I AUERRER ] Distributional
Compositional Categorical Semantics ZDisCoCat
EEESRZELH D,

DisCoCatFiRIEL =& DimXIL. Bob Coeckebht
2010FICHRLEXDBE X THS,




“Mathematical Foundations for a Compositional

Dlstrlbutlonal Model of Meaning” 20104
abs/1003.4394

Around 2008 @ Oxford Uni. there were 3 people:
e One knew grammar algebra:

Lambek®Pregroupt=
Mehrnoosh ) p group
Sadrzadeh n-"'n-s-nt-ngl-s-1<s
e One knew vector-space NLP: “Word2Vec”

Stephen Clark

e One (=me) knew categorical QM:

Aleks Bob

Bob Coecke

e E T T e Sammwm-


https://arxiv.org/abs/1003.4394

Bob Coecke®

[ZDULVT
[, BDEZ"Picturing
Quantum Processes” [Z.
BT ITO—FD4FEMN K
ERHNTULVS,

WA ZEF9 4String
DiagramIZDUL\TI&, FLIL
DE=F—EFH

[String Diagram Z% 5\ --
A7) —mmAM (1)1%5
Z(ZLTIZLLY,

PICTURING
QUANTUM
PROCESSES

A First Course in Quantum Theory and
Diagrammatic Reasoning

BOB COECKE AND ALEKS KISSINGER

https://www.marulabo.net/docs/category01/



https://www.marulabo.net/docs/category01/

A7) —ERIE R D B E R D E R

Bob Coeckenh\tashf=I 73" ) —smBIRE LAY 2 BN E KRR 1 (.
ZDI10FEDMHEIZKELERELT-.

BRATIE. EFAVE1—5ZEo-BRSENE ONLP
(Quantum Natural Language Processing) &ELVS5ELLYSY
BT, aRICHE M EITEN TS,

(A7) —RkI+TEFRID. BRI ERERR I EREUV LD
Tio 'Q; g G)tsj__—é:th :5 L/T:I)IL*LE%DﬁLT’L\tlb\o-—CL\%)o




DisCoCat A

DisCoCat® AF9&L T, Tai-Danae Bradley QXD i
HAITT Do



What is applied category theory

3.2 Natural Language Processing

Tai-Danae Bradley
20184
https://arxiv.org/pdf/
1809.05923.pdf



https://arxiv.org/pdf/1809.05923.pdf
https://arxiv.org/pdf/1809.05923.pdf

Syntax = &

Semantics = E Mk

[Syntax = 3%k1&MSemantics = EBR D ®IED T,
Functorial Semantics@IL—LZEFESIZIX, EDKIL#EE(E
MIHE=A5M? RODZ=ZDHEZLND,

1. XEMCategory: GEFEHMEMIZIRSIZITE ST LKLY
m? EREHFEMZ CategoryEL TR R 5,

2. EBRDCategory: BEREZHEMIZHESIZIFESTILKL
m? BEREHFEMZCategoryEL TR 5,

3. Functor: 3& — EIK OFunctor2ENESIZHERKT S
Mm? ZOFunctorld. XEAERDERXRZIRZADHENTES
e



he Syntax Category:
Pregroup Grammar = PregX



X ;%M Category

PregX

X &M Category Tl FEIZ#AsrLizLambek®Pregroup
Grammar Z{#5, (f=1-L. TR TH 5, )
ZDHT3)—%PregXTEREI,

ERGCEDER T, BFADE n EXDE s THSH, Inhio,
ERNERADENERSNTLK,

n = 4z

s = X
nn! = WA
n'sn! = {thE)EA

EHEET A, WL DEDE T, RO LOILGEEZTITO,
ww! = & GHAS)
ww = & GCHASD)




N




“bananas are fruit” (X TH5

banonas oave

\\ g




he Semantics Category:
Vector Spaces = FVec



BEHRORIRCOULNTIE. Z2DRENH D,

B RERGETRRZRNDED

s (VS

O A?I\)L”Fﬁﬁf?ﬁﬁ?’é%@
SEDEZF—0D MZ5TH5S




EDEKRDSEETIL

puppy &WLVSEEAY, cute, furry, bark, pet ... tL\’)J:’)?ﬁi?ﬁ
DiaL(Z, KKENDELED, BIDHIF=E. yegg ELVOEEDERK
HLLBRSEMN =L T, FIRDXMNSZDE ﬂ:‘k"&ﬁ@’(%
HhELNTELY,

s, HAHED ﬂili’é/\%)b‘c%zﬁf%é SLi=770—F
[&. LIELIE, lb'lw) HETILENVDNEZEN DS,

LAL. EFEIZIL. word — vect ELVSEIY B TIE, IZEEkd
HNI=AS?



EOEKRDDEETIL 15

B Z I FFEEARTHEUOL, HIBEELI=a— /A HoT=EL KD,
FIhB, context words {wy,...,w,} EFEIENDEEDEFYE
BES TNIE, I—NNRAADTARTHOEETEHLWL., TD—HD
THLW, CD{wy, ..., w, } DW;ZERTRILZERIVOD i 7B D1E:
HEEREEEZ DD,

ZOINIE, O—/XZAHDFT RTDEEIL., XD L>7Econtext
WOrdDIRFZFE R TREINDNIMNLRIEF DO EITH D,

w = ZCiWi

=1
hO)Ff"i&Cl[j: J—/\RAANT, nnWb\nnWla)ﬁ<':EE,;h'T: 2
T RHTHD

e
Nt




s DERDDELET LB

{sweet, green, furry} ELVIBZETHLIAMNBHO-ELED,
ZD=DMEEZDa—/ AN context word [TEATEL, T
ZREELT. ROELSITRIFILTERT,

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

D, ZOARDFDEE banana, puppy, fruit &, XD LS
[CREND,

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



EDERDDTEHRET ILOBI

RINEETEZIL. BRIZ. O— I AHSDT—REINSDEE
"é_Jﬁzfcd)&‘bh)leF‘aﬁl‘ifﬂ&’)i_d;‘f*&)l‘*l]%LT*OD’C%%)

& banana OEKIE (21, 9, 0). & puppy OERKIX (8, 1,
32) iE fruitEmRIE (43, 19, 0) &LVSTEIZES,

e
furey
N

%reu\
— frid

Swee ?




meanings of words = FVect

NTOEUKDE ' AT, avE1—R(Z EEOEKRDHELE
TINEEZT=-C¢EITH5,

ZODEDORIMNLORABEIETENEL. TNODRTEILN
I HM ., LLEEFNOARILEKREZFE TV LI K. F
NEEFEICRIETES, Ch(EZ NLPTHEZLTULVS AIZ[E KL
HMoNTWNAI LT,

CoeckebMERRIHIATI) —(F. 5L TEABbNS, TNIL,
REDERXTDAIIIVERTH S

meanings of words = FVect



Functor: syntax — semantics



DELETIVIE., XICIEBEHTEAL !

A7) —mIWEIZTGLS

RN S, EDEBOHEETILIZ, XZIFTEHTELGL, XE

ANCTRILXAIRNBZEIFIFEAELZ LD T, FDEZTIESFEL

LNOVEELY,

ZCT AT —@mAMITOFEELHELTLS,

BREDRBICESE(X. XOEKIX. XEERTSHELXDED
BREINOFFEUDITAIEDIL—ILTEHEINARETTH D,

HRIE, TFEOER | EZDED SGEMEE | O T %, syntax

(323E) hrbsemantics(GEDER)ADEBREZBL THESZEMNT
b I Ehb ., XD LH7%Efunctor F Z#@EL T,
F: PregX — FVect



ELyS5Functorial Semantics ZF|B9 47=6I1Z1&. PregX$
Fvectt ICAT3)—IZEBLTWLEITNIRA S, ER, mE
[f&41Z. compact closed categoriesIZE@9 5.

FIZ. strong monoidal functor&L T, compact closed

category PregXM#gi&%. compact closed category
FvectD1BEIZS DT, FICK > THERMENMRESINDDTE,

=-1=L. COEELGRED:RAIL. CDEyarTITFEREZITHON
TULVELY, REIDEY 3 TRBAT 5,




The Functor: Syntax —» Semantics

ZDEITIX. functor F : syntax —» semantics MBARAYEE
ithF 525, KYEAMIZIE, F: PregX - FVect @,

ATz HRESHZ DT D functorDEEEEE T HIEL N,



The Functor: Syntax —» Semantics

on objects

On objects

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

® F assigns to the sentence type s
a vector space S : Fs,
which we’ll call a sentence space



The Functor: Syntax —» Semantics

on objects

On morphisms X
F assigns to a type reduction 4 — b
a linear map Fa —> Fb

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.



Functor F: Preg —» FVect

FlX. compact closed structure #&&E9 5

® FlX. Preg{n,s)Dunitni:1->n"n, n.:1->nn'%.
FVect@unit ny:R > N Q NIZ5D7,

F(nl) = F(nfl) =ny (SIZDWLTHERKR)

® Fl&. Preg{n,s)Mcounite:n"'n -1, e,:nnt > 1%,
FVectDcounit ey: N @ N - R [29DT,

F(el) = F(e,ll) = ey (SIZDWVTHREHR)




Functor F: Preg —» FVect
FI&. compact closed structure Z&#F9 %

® FlX. Preg{n,s)MDdualZ. FVect®duallZ527,
F(n") = F(n') = N* zf2LFVectIEBRRITHED TN = N

F(n™) = F(n!) =N (sIZDWTHEH)

® Fl&. Preg{n,s)DEEEZ. FVectD T2/ ILIEIZ3DT,

e.g F(n"sn') = F(n") @ F(s) F(n') =NQ®SQN




DisCoCatAPq 2




“bananas are fruit” O=K&EitE 9 5



Step 1: ZNENDEEIZ. Preg(n, s)DIER
E|YH TS

banana —» n
are — n’'sn!
fruit - n




Step 2: TRBIIZERM N = Fn X122/ S =Fs %

EEZESTETETET S

HEZRFTTANVMILERELEKD,

sweet, green, furry

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

NoDOEEMN BRTIZERZED




HE([ZT 5012, SEIENENIDZERIEEELT. 12O
L LT TRESNBLRITDOAYNLZERET S, EA0 e S "E"
IZxtisl. TIE "B "IZxtnd 3,

1 DARHS—EIZESEBEARSIM?

FHESIE. 1 DEDRAT—(EIE KRLIZETHAXDELRA
ORIVEEEZZTENEDOLE L AAS—HRKRETNIETRZTNIZTE,
FOXIZELWLEZEZNIZULY,

212, TREA I ZERINE S ZERESHARENIL. ENZFDZER (F42
B TEFIZABZEITEELES,
F(n"sn'))=N®SQ®N



Step 3: XHFDEBDODANIVFILRIRZRH S

bananas =

NEDRIRLIE,. TAELTRFIIZER N [ZET 5, GELL.,
FTNODNEEIIGEE n #HFOhBTE,
CDEDERDARIMILRIRIZ. XOEKRORINLRIBEEHE
THDIZFIFHAEINS,



Step 1 T. ‘are’ [F3GER n"sn! ZE->TULNSIEZH->TLY
B TNRDZ, ZNIETUVILIEN QS QNDARIRILTH S,

ZL T, ZNIEWOWNWNZa—RTH 5B, GELEL, HLEEANTE A
(T2 THB 1 ELDZEFH->TULWNIE, b EIFRIEIE-T
WAL TFRITFETIIELIE LR, FOR, 20 'are’ DRIRL
.3 X3 DITHELTHRIATES,

ZD1THc DifTiFIB DFZRE ¢;; (X RDELIITTED,

( 1, ifw;is wj,

Cij = .
0, otherwise

\




Step 4: Preg(n, s)T. 2 DETEITD

banana is fruit




Step 5: Functor F @95 !

Syntax — Semantics

banana is fruit
r 1 er-1,-€l Syntax
nn sn n | » S
Fn =N, F(ennnﬁl)—\
Fn =N, Fs = S, Fnl = N, F(1,) =15 Functor F
Fn=N F(ep:nn' > 1)= ey /
) N ® s ® E’V Semantics

NOINRKQSQKNKQN —/8 S




SOEKRDATRILRRIE?

ey ®1s R ey
NRNRKXSQKNRXN ——*S§
::"C\is GN[j:s EN- N ® N-R t(&\5ﬁ:7§ajl_]§'1%—c\:%éo
Ff- 1lE 15:5 > S EVVSENBERTHS,

NN ERE . XITHIGT HNIRVICERT S,

ey Q1 Q ey(banana®isQ@fruit)
1 0 0][43
0 1 O] 19] = 1974

O 0 11LO0
X “banana is fruit”MEmklL. 19741 ERFREINB,

=[219 0]




DisCoCat
Coecke’s original form




Mathematical Foundations for a
Compositional Distributional Model of
Meaning

Bob Coecke, Mehrnoosh Sadrzadeh, Stephen Clark
2010/03/23
https://arxiv.org/abs/1003.4394



https://arxiv.org/abs/1003.4394

Around 2008 @ Oxford Uni. there were 3 people:
e One knew grammar algebra:

Lambek®Pregroup?=
Mehrnoosh
Sadrzadeh n-"n-sn”'-ngl-s-1<s
“Word2Vec”
e One knew vector-space NLP:
Stephen Clark
e One (=me) knew categorical QM:

Aleks Bob

Bob Coecke

..................



N e
Bob Coecke




Abstract

Ha2lE ATNLERETIVICEADEIEKR L. Lambek(Z
KO TEASINT-Pregroup & AKBLL 1=3GERIE DI AR
BRI Ee I AR EATIRET S,

COHFHIREAIZEKY | BEYICE A TSNE=XDEKRZE, £D
BRERDEDEKRNTHETHENTESD,

B{RBIZIE. PregroupDE DZEFTIEATIVDEHI) TR IS
N, BRERDIEOENRE (KLFMTEIN) XEEXRDEIKRIZE
M9 570vRELD,



BEELDF . XEERODERIE, ZOXDIEBE LTI,
HOE—DZEMITHFETHETHL, TN A BEIETILT
DEFEOERDLERERLEIIC, COERMTOREZ. FED
XDE ﬂilid)tt$xl *IJFFJTé;tb\’C%Za

ERVAVSHFIEER. XERDEKRZEYH T =HIZ,
X DHFDHEERDIFERDRNZEHESINZT 5, FIRIZFALTT
LR HEETIREICT S

RNOMVERDRADT—ET—IILERIZHIET L5745, 2D
[ATFT3)—ETILIOBHAEREITZ, B3 F1—KDT—ILEE
RimaEIHI D,



ZLHIZ(ET)

EIRDELTHETHNEKRAIL. HAEKRERT DineJ S
Thd, TNENIZRFAEEMDHS. FiE IFBRIT=DE TR
T, BB LB -NEETHS, BHEFDOXARTEH., =
ZANARII A= RAMIETILERE SR TET ILOREIZEE LD
EIREDTFETET Do

DX TIH. ToVILERZHFALT, ZEOERDAIVILEEE

DIERBR DR T 15D,
language
QD
@0’@(&
&

Y
FVect «—— FVect x P — P
T, Tg



X ;EELTDPregroup M 4FICHEIRFELS, AN ENTERHT D
Lo -DIX, A7) —RmIGE AT DE. FNHRTE
)bz.'“:FaEJb%*f/)b%ﬁ&%ﬁ@*ﬁiﬁ’&ﬁotL\—B:&f&%o

RNYOBIVZER]., B4R, TV ILEDHTI 4., Pregroupd.,
Lvbhipbcompact closedhTa U EREIEN D80 DHITH S,

B{AMIIZIE. PregroupTHOE DI E (L. monoidalhT3!)—
dmonoidal7T YV ILIZHIET B,

XDEKRZFEAHIT HHFHIEEIL. ERERDZDZFHAED
+f-compact closedhT3')—¢%5,

EEDEKRIERNTFVERIDOAIRIL, SGEREE|EPregroup
DE (B, Bt DA RKIZIZPregroup TO & R EXF o7
RIMIVERIDTUYIVENMEDNS,



Interlude

Monoidal category&String Diagram




M EEY TET

Monoidal category&String Diagram

W




PRI = K2 R B H

Monoidal A73Y)—®O & 2L ThZEKXHA monoidal h73
J—DNEBNLEERAR]EETHNIL. TOHFER I T OIS EE
T#HBString DiagramTHEHA[RETH S,

Ff=. TOHEBHLRYILD,

9755, String Diagram TRIFHIIZEH rTREGE R (.
monoidal A73")—D A EMNSEIBARIRETH D,




0 X2 & D E AR5 G




0 E X2 &£ D E R8T G




0 E X2 &£ D E R8T G

Yv:I1—> A T:A—1 mo:1I—1

) VAT
T ¢ &=

AN=HF-9 HAZxEEF-T
HAODHEHEFD ATDHEED
MKRE | [T Rk

“Picturing Quantum Processes” & M notationl 24> TLYS



0 E X2 &£ D E R8T G

n:I1>AQA €:A®A-1 1> AQA ARQA™ 1

I 1 1 1

M {4 M 4
A A u A A u



L




HcxER T HF

Yanking &=

la®@)o(n®@1a)=14 (€®1a)o(1a®n) =14

(€@1a)o(lg®n) =14 (lar®€)o(n®@1lar)=1ar

|
BN D —

§—

~J=] LN
A A A
A A A
L= MU

A A



(e®idy) o (idv ®y) = idy

YankingZF={

(idv* ® 6) o) (T] ®ldv*) = idv*

F—0OFN E_0%ER
BED : . . : : :
- e®idy) o (id =id idyx ®e€)o idy«) = idys
St oy, (e®idy)o (idy ®n) = idy (idyx ®€) o (1 ®idyx) = idy
NRo>VARQUY eV ®V >R RV QV VRV o R
VEVRRSVQRV*QV-RQRV=Y |, VERQQV >V RVRIVT>TV"Q R=V”
Arrow - - T . .. — e
=YV SR AN Ve
N \

String
Diagram!




(e®idy) o (idv ®y) = idy

Yanking

(idv* ® 6) o) (17 ®ldv*) = idv*

“Yank! Yank!

E—DFH E_DEK



String Diagram (22U TI&

RDNRN— xS TIFELLY

https://www.marulabo.net/docs/category01/

|

String Diagram Z= A¢

-- 73— AP (1)

‘g
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DisCoCat
Coecke’s diagrammatic calculus




Mathematical Foundations for a
Compositional Distributional Model of
Meaning

Bob Coecke, Mehrnoosh Sadrzadeh, Stephen Clark
2010/03/23
https://arxiv.org/abs/1003.4394
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I]5|E75\b5C0) R 1D

TR%

X

TRY




[EEDERK | Dl O




[SEEDEHERMIOXDEKRAIO7AEXR




[DEERRE 1T OERELTD

[ XD E K]

Cartesian |/|\ — /I\/I\

non-Cartesian {I\ 7 /I\ /l\

7 A
object _) 1 \ subject

meaning of sentence



EBEXDIERR & E 17

RIFFICRITIT HH7T3')— FVect X P

language

4
FVect <—‘FVect X P‘—» P
Tm Tg

W
AW, DERERT kSN =Z[: (W, pi)

W; € FVect : 5Bw;DEBRANIRIL
p;E P: agw; D EE




DD wy-w, DEBRANIMLZE Wy —w, ERT,

O, w; = (W, p) %, saw; DERZEMEL T, RO KH75HRE
B f €5 A%,

wi Wy = f(Wi @ - @ wn)

@ = [py -+ pp < X|HEHBOEMBHAEET BEF, T
&fIE. afh DpEW,|SBEBZ BCETHBENTES,



FVect x P A ELTDI XD ERK ]

a=[p-pn < x]IFPDFTHY. f = a[p; \ W;]I&. FVectd
BEEGRLOT, ROELDIE. FVectxP D& TH 5.

(f,=)
(Wl ® ® Wn yP1 pn) — (X,X)

CDfz. [EEOEKRNOXDERANDERIEF S,




language

Y

FVect|«~—|FVect x P|———| P

s
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