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= RO 5 &R : Wittgenstein

EROFEAGREE. ERITZEDOEAIGHRBASNSISNEIZ, &L
’)%Z.?':T'Cﬁ)é Wlttgenstelnl o

“meaning of a word is its use in a language”
[HDEBDEKRIE. HASEICHBITATDERATHS]



TuringMWittgensteinit ¥

Fa—) 01X EENDERTMMABEIT. TOREFEMBEREL
W\ot=DaT 2314060 REBEIZRINEERZHUETLNVS,

bbb, [ OTEZ LI ELSEEDFEIVAZLSEANRT
FrCl4 *#JMi%K%%b\'C%%ﬁb\JtL\')Fnﬁd) RV EZBEHLH
[2HBDIFTTIEGEWN, Tned. XSy T DHBREDKL
METHITIE IR ELSEIZHADIZAOhE.




RO XARKFEL]. R, Firth

77—Zlir4klﬂ0)3Cﬂll'€JtL\')1‘E)fﬁ“’C R D ARIK FRI7E
MEITSEELIZCETRLN ., EEERI(collocational) E BRI
EIH5BEDMARIE. THERRD D EF TILGEOHLON TS,
51 T&(ik@’ﬁ%&%lﬁﬁf%ﬂbhfbéo(Wikipedia)

“You shall know a word by the company it keeps”

[FE R HDEEZE. ENDEIEDONTLSMHELICEST
MHTEITIED, |



. “red” £ D HET-5 (company)
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PEERKREL. TIL—LTD—OELTEHRBER#MEFSILDITHS,
ﬁZIKE’]&')’?EI FlI. B HRESRITAIVMLTREL,. &
BRDFELEZERIRILOFELIE cosine similarity TEE Y 5,

SLgEIX. HETWESEET L= —T LRy —5 L
THEEETIEBEALEATL,

® Bengio:"A Neural Probabilistic Language Model”
® Mikalov:Word2Vec
o ..
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® DisCoCat M 5 LB kiR




Deep Learning® 73 8. K i
BERT,GPT3%#{HEL1=t D

® Linguistic Regularities in Continuous Space Word
Representations
Tomas Mikolov et al.
2013 (Word2Vec i@ X)
https://aclanthology.org/N13-1090.pdf

® Sequence to Sequence Learning with Neural Networks
llya Sutskever et al,
2014/12/14 (Sentence2Sentencei X )
https://arxiv.org/pdf/1409.3215.pdf



https://aclanthology.org/N13-1090.pdf
https://arxiv.org/pdf/1409.3215.pdf

® Neural machine translation by jointly learning to align and
translate
Bahdanau, D., Cho, K., and Bengio, Y,
2016/05/19 (Attention :gX)
https://arxiv.org/pdf/1409.3215.pdf



https://arxiv.org/pdf/1409.3215.pdf%0ASearch%20results%20for%20%22https:/arxiv.org/pdf/1409.3215.pdf%22%0A%0Ahttps:/arxiv.org/pdf/1409.3215.pdf%0A%E3%81%93%E3%81%AE%E3%83%AA%E3%83%B3%E3%82%AF%E3%82%92%E8%BF%BD%E5%8A%A0%E3%81%99%E3%82%8B%E3%81%AB%E3%81%AF%20Enter%20%E3%82%AD%E3%83%BC%E3%82%92%E6%8A%BC%E3%81%97%E3%81%A6%E3%81%8F%E3%81%A0%E3%81%95%E3%81%84%0AURL
https://arxiv.org/pdf/1409.3215.pdf

DisCoCat M) & 8 = bk iy

® Mathematical Foundations for a Compositional
Distributional Model of Meaning
Bob Coecke, Sadrzadeh, Stephen Clark, 2010/05/23
https://arxiv.org/abs/1003.4394

® A quantum teleportation inspired algorithm produces
sentence meaning from word meaning and grammatical
structure
Stephen Clark, Bob Coecke, Edward Grefenstette, Stephen
Pulman, Mehrnoosh Sadrzadeh,
2013/10/11 https://arxiv.org/abs/1305.0556



https://arxiv.org/abs/1003.4394
https://arxiv.org/abs/1305.0556

® Meaning updating of density matrices
Authors:Bob Coecke, Konstantinos Meichanetzidis,
2020/01/03
https://arxiv.org/pdf/2001.00862.pdf

® Foundations for Near-Term Quantum Natural Language
Processing
Authors:Bob Coecke, Giovanni de Felice, Konstantinos
Meichanetzidis, Alexis Toumi, 2020/12/07
https://arxiv.org/abs/2005.04147



https://arxiv.org/pdf/2001.00862.pdf
https://arxiv.org/abs/2005.04147
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Compositionality

Dty arTld, ZEIXEEKROBERE [BEE] &0
SEAALEY FIF/-0WERBWLWE T,

[ BRE] . HPEYVBEEANLTVWEELIE LNFEA, HFE
1z &, "compositionality" EEWVWET, HhHHLDOH, Lok
BEXRNGZDLON L [l SnhTWwa ez E0ET,
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[ BRRE] T WAALREZATRAZENTETET,
ZElFb,. o L7z B 2HF->T0wWEd,

Bz L. TEWNVEAES]| 0o &FE. TEW] &0
Rz, [JH] EWH &z, [ EWwoHBhE., [#£F5%] &
WO BEAA BRI NTWLE T,
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CEDGE] EWS KD, [3E] ERERZ ENTEET,

(FIOEWALEH YV ET, THLTZLRILDEESCELHD
[V —IL] %= [#REERAI] & [syntax] &WH Z &N
HYET, )
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NI EDEHICEZET,

[ (BWE) ) (FE3) | WO XnEKD, (Bu
) & (E2) OBMRHIS [HEB] S EEZDDILREE
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BRI, EIRBESNHM?

BB [HEaE] 2E X 5EHL VDL, BN &
NS %i%%t@ﬁﬁﬁzaiw%@%wtﬁﬁi%w
IEES2EIbh>TWADTTA, FNx, HFLLERR
FTAHRZEDE LW EDDE LNFEHA,
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ZFDELDLEEDBRIL., @<FFEUODODNVTWWT. T 5DI1EL
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BERIX. mBELOTLGYET,



ZEIXEEKRDIE R E (compositionality) |

EARRGERE
® X(IEITHE-THEI LB END
® XDEKIEL. BOEKRITIKFT S

® MXDEMKIE., XDIGEMBRIZIKTFT S
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FRIE. TD5ZA, AVTIFAMINNLETERA R [BALE
Rl EHFH T,

A7 S5 LTD,. x=x+1EWHRAIEZ. [x EWHZTH
ICx+1 &EWHEZRATS] EWHEBEKRZFDODEEZSLD
NEATT,

F/- 1 +2=3¢E5#8ADEMIZ. | [1+2=3] IZIE
LWSHE TH B | &EZXDHZENTZTET,
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ZDeER%E, [BER] OBBICERYAATHWSE LD ICERAE
T, TNFNhofltcd, BN Rl 1Z. BT TRAT
WE T,

INodD, W2HhD [BrR] O [#R] 2. — DD~
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AR GREBEETILESHRERETIL
Coecke 18

HEIXDERERTHIN. XOEKRIIZIICTEFNHHEE
DNDEXRZTILOIMNTEZSD, EFE. A-BITEEDODFEZEF-T
LNSH ., XEHER T HEEDEKRNOXDEKREHRT HDIC
HEINELGLSSICEDLNS,
BAREEICBRTAEKRESA5TOREZHRRETAHLIE. EE
OO E A A YA IV RICBITARVEARMTIEBOUVED
ThHY. ZTORRIZ. XERRZPTIFAMDBEIERLGE., 24D
EEEEEARVEHEMLT A7 I ) —avE kS5 ETHRILD
=55,

IBEFETIC. BRERIEBEETILESMBERETILA, BARSE
EBICBITHEKRMNEDRIEIZ T 52D DRI 2 fEE 1R
HLTET-,



REMN770—FIE. XOEKIIXXHOEEOREFZERMISEIN
HELVOTL—S DREBEHRILETHHIBGFEFOHHRMNLGTEZ
[ZEDUVTLVA,

PRETILIEEYFHFLWOWED T, D234 DIM{EREL
TOEKRIDERIZEHELTRHEY., BEZEOEKRITZZDXARM DR
FTITHCEMNTELELDSEDTHS,

IHGE CIIRIEBEETILAEE THoI=N . EEE CIIEERG
HIANILDREDFRZERELTET -,

[FRIEMRE R I XARBIER I ELVSEKROEERSED —HIR—
X, EROERBBEE LA IELORINELIFTIIZLIELTERER
RODFEFFEIZLTLNAS,

"Technical Proposal: Algorithmic and Logical Aspects
when Composing Meanings” Bob Coecke and Mehrnoosh Sadrzadeh”
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ENSIEINANXDOERE=3END ., EEOEKRNOIER
ESNAXNDEKR=SemanticszEZ &,

® Syntax&éSemanticsDxfETIFHIZ, ATTU—/D
Functorial Semantics® 7L —LZF AT 3,

® Syntax=3E #HEFEMATI)—ELTIRZS
® Pregroup Grammar Z¥|H9 % : PregX
® Semantics=ERZEHFMNHTII—ELTIRAZD
® FELENDERDRBIC. AVMNLERZFIFAT S : FVect

F: PregX — FVect

Functor : Syntax - Semantics



Mathematical Foundations for a
Compositional Distributional Model
of Meaning

Bob Coecke, Mehrnoosh Sadrzadeh,
Stephen Clark

https://arxiv.org/abs/1003.4394

20104



https://arxiv.org/abs/1003.4394

DisCoCat
Pregroup3ET®”John likes Mary” D 534

EZNE  John :n, likes: n"sn', Mary : n

1=Jc)L—IL p-p" —1 pp—o1

John likes ~ Mary
n n" s n' n

— |\

BATT 5L

XDEsDHEH
n-(n"-s-n')-n—

(n-n")-s-(n'-n)=>1-5s-1>s



DisCoCat
Functor: pregroupm iAo k)JLZERA

® Functor F [&. pregroupDEIEARTKILZERIZFET,
noNs->Snsnt->NQSKN

o MENADE n"snlldk. REB3NDTUVILN QSR N IZF85
NITI.NQN->S DRIERBEBRERLZENE KD

o BAFDEm' I, BMEEBRN - N& RO TITHERDIEAHES

® Functor F [&. pregroupT®iEJt (reduction) &I kJLZE
D #EFI(contraction)ZF#8 39,

® s = wiw, Eks(E. pregroup®i2jt/L—ILa DIT T,
k@‘tf%i%hé

s=F@)[wi Qw; ® - Q wy]



EBEXDIERR 1 EIGE
RIFFIZRIE 9 5HT73")— FVect X P

language

A 4
FVect «—|FVect x P

W
saw; DERERY sk =ZEmM: (W, p)

W; € FVect : EBw;DERNIRIL
piE P: nglo)jzifﬂ



What is applied category theory

3.2 Natural Language Processing

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




X ;%M Category

XiEMCategoryTld., Lambek®Pregroup Grammar
a{E 5, (I=7=L. T DOEERTH D, )

CDHTI)—%PregXTERZD,

EREGEDR (L. LFHDE n &£XDE s THD, bbb,
ERXMGRFAOENTERZRIN T,

n = 4z
s = X
nn! = A

n'sn! = {thEEH

/—-

EEMNEET O, MIGT DEBDE T, ROFHILFHEEZITI.
wiw =1 (¢l ZERTHEERZD)
ww” =1 (fZ8ERATHEEHAZD)



“vellow banana” (F& & ELTHFRHONS

“yvellow” is

A "banana” is
an adjective a noun
[
€
n we A\

identity on n

here counit €' here

“vellow banana”

IS @ noun
‘ ) l ‘ Nellowd \oarana,
* €
n
> nl1 =n noun



“bananas are fruit” IXXTHB

_ "fruit” is “bananas are fruit”
"banana” is "are” is a noun is a sentence
anoun a verb
bononas er ove el
e" 1, €
N7 1 n S S
P4

apply the applythe apply the
counit e’ identityon s counit &!

] ] e 1g- 15-€

1
m'snin =un" s - n'n 5" 1. s nln =s-nln =5 51—5




The Functor F: Syntax -» Semantics

On objects

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

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

On morphisms i
® F assignsto a type reduction a4 — b

a linear map Fa 175 Fb



Functor F: Preg —» FVect
FIX. compact closed structure Z&&F9 5

® FlX. Preg{n,s)Dunitni:1->n"n n':1 - nn'%,

FVectunit ny:R > N Q NIZ5D9,

F(np) = F(ny) = ny (SIZ20TH

A

14%)

® FlX. Preg{n,s)@Dcounitel:n"n—> 1, e} :nnt - 1%,
FVectDcounit ex:NQ N » R 129527,

F(el) = F(el) =€y (sIZDWTEHRER)



® FlX. Preg{n,s)DdualZ. FVect®duallZ527,
F(n") = F(n') = N* 1zf2LFVectiZBRRTLEDTN* = N

F(n") = F(nl) =N (sIZDWWTHEHR)

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

e.g. F(nrsnl) = F(n") Q F(s) ®F(‘nl) =NQXRSQQN




DisCoCatTh & I E R D EE %

Syntax — Semantics

banana is fruit
r 1 er+1.-€) Syntax
nn sn n | » S
Fn =N, Feh:n'n - 1) k
Fn'=N,Fs=S,Fnl = N, F(ls) =15
Fn=N F(ep:nn' - 1)= ey /
v EN ® 1s ® EN

Semantics

NRINRXSRKNKN — §

banana®is@fruit
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Coecke®Quantum-NLP

ZNDtyi 3> Tld., DisCoCatDE|EEBob Coecken’, IRTE
EDESLBHEEZTOTLWBEIONERTHLSIERS,

1. DisCoCat M#fiA %, CEIXDEKREFZEFIRAELLTIE
ZHARTERESE. QNLP EFmMIBAEELE Quantum
Natural Language Processing #ERiL7-.

KFEDEFIE21—3 ETQNLPOEFEERERMNIRFE>TLVD,



Foundations for Near-Term
Quantum Natural Language Processing

Bob Coecke, Giovanni de Felice, Konstantinos
Meichanetzidis, Alexis Toumi

https://arxiv.org/abs/2012.03755v1

20204




Abstract

MNVERO=FBARSHELIE (QNLP) DB ER ., FRERE
REHL. EFAVE 1 IRFHICPSLLWVERETENZIT,
EtBANGERIE A EZRAL . ERERGEELE R R — R TR
DVWTOHRKIGEERRDI-ODSEXmMEIRET 5,

HAF, BLADNERALTWSBEREEDEFET LY., S5
BERESNTEREE (ISR ZELAZREMNICITHESRLT
LWHIEZBLHELTLS,



HIC. EREBEZHE T ALOICEFHIGTETILARLETHS
ELVDFEZRE. QNLPAEFRDUZaL— 3V ERILKIIC. &
FRATA4T THAHAZEZFILFL TS,

SHIS, EF/N—FII7 L THRET 32T 03560,
RETRD/AZXDTTOFRBFREF (NISQ) NFFALDEFE
SFLGEFEEEE. NISQZEHFAIZQNLPIZEL=EHDIZLTLVS,

SHEEEIL. AoMTHEBBEHMISE VWS FEIARANBELET D
BHBGIGED A T427 EIETHBRIIC, [REAET-FZTTY
OA—k952EMNTES,



G HEERIXQNLPD 17T T LD TH B,

F9.2EFETIUE. A7) —HHNE=EFHAFORKWLGRAKE
[C&k>T.EEBEXE=FIOLRELTHERYT 5, kI, iruo0)><
R (EZX-calculusIZ& > TEFRIFIZEHEINS, %L,’C =R
DINTGA—ZH, FEITARERBLEIHELS,

KRDEEZEBEDEFRIBADIOA—TaT1d, EEEE
DRZIZOANT 234V DI EREIIXARTHS I EEDER
ZEASHCEICE SO T BEEROAIFEMZEZS. HFILLWVEE
DEKEZHEILTS5770—FEKILTHELDTHS,



BEHDOEDODEKRE. EHOqubitDIRETRIREINSELES,
512, hat (I8 F) D &5% %5 n OELBKIX. 1-qubitdDiKiE
Y, > € C*TRESNDET D,

235 n DEK © 1 — qubitDIKEE |y, > € C?

£ hat DEK © 1 — qubitDIKEE |4 > € C?



H TR RaAZEEAT S (1)

hat — black hat E#&L_ThORES

black hatdD 2 &5 blacklZ. & 3@ hat®ikFE%E black IZTZZ

Do

SR EaZ1-qubitDEEn,.:C? - C? ERHTEMNHES,

Ma ~ | black

BENNDRERaDBERDEK|)., > [FROELIITRKEFESN
60

T

|Van > =na([Yn >)

RTERT & RO&S(HF,  [Black hai] ;

—IT
— C.

o) > [PI2CKBaT] a)

MNa ~ black



fl[CHEBEFRAZERT S (2)

hat — black hat kel ToREH

Black&hatDEEA S black hat DEKEEIES—DONDHE
NHb. Tl F2E850% 2-qubitdikEE|y, > CC Q C2L%E

AHETHSD,
o) o LPLECE]

2 X 2T DERIE. ROXFET2-qubitDIREEEXR T B,
100|0) (0] + 701(0) (1| + 710|1) (O] + m11|1) (1] >  700]00) + 701|01) + 710[10) + 711|11)
Choi-Jamiolkowski correspondence



% |:|_“ ﬂ'/'/ﬁ\‘n_.IELA -g—%) (2)
hat — black hat ZEIX TERI nesLcops:

COFF, BRI BRRAZERAL-EFOEKIE, ROAXTRIND,
[Yan >= A& < Bell| ) o (|, > & [Py, >)
ZZT <Belll=<00|+< 11|T. I IXRI—4THS.

[Yan >=UQ < Bell] )o (| > |, >)
X. IR TIE,. ZROELHIZREBINS,

[ black ] [hat ]

= Bell

‘ black hat




RO _—_DNDFEKIA

R Eazl1-qubitDEE
n,C*—>C* EEZRD
wja-n > = na(llpn >)

e RE[% 2-qubitd ik ie
Y, SEC* QR CEEBERD

hat

black

~» | black




RO _—_DNDFEKIA

B iElazx1-qubitdE %
Ny C? - C* EEZD
Yan > =101y >)

AR5 % 2-qubitd ik fe
Y, >EC* R C*EERD

hat

black <

Na ~ | black
1)~ [ PL2CK]
a | |

black | [ hat |




| Bell > & < Bell |

cap & cup
| Bell>&<Bell | &, AIXRIIZIE, RDELIIZREEIND,

[Bell)y = [ (Bell| = \___J

cap cup
SIZR71=. 2-qubitDIREEE2 X 2D THIEX G T BRI &, X
DEOHIZ1 5, Cap  Choi-Jamiolkowski correspondence

[ black |

| | = black
ZDEF, |

--~""Cap--,
|
black | [ hat ' hat hat
I'/E?Ir;?\l ' [black | |1 =
([ Bell ] = "7 77" 8 = bchk

hiE. EFTLR—T—2a ORI ERLCEZL TS,




B AltvICEEn BB Z5 A5

BBRELTOEE

[, > € C2, [Py, > € C2, [P tpm, > € CF ET B,

klZ. XOEKRZERD Y AX,

|lpn5-tv-no > = New( wjns > |lpno >)

| Alice hates Bob | | |

) - ELECE] o)~ [BP v~ [




B AltvICEEn BB Z5 A5
15— DODOF7T7A—F prElL o

[P > € C? ® (C?F) ® €2
=

_ |[Alice] [ nates | [Bob]]

ce
o N I I

[ Alice hates Bob |

|7~/)n5-tv-n0 > =
|(<Bell | @ 1® < Bell )| ([thy, > ® [Ver > @ [thy, >)|




QNLP in Practice: Running
Compositional Models of Meaning
on a Quantum Computer

Robin Lorenz, Anna Pearson, Konstantinos
Meichanetzidis, Dimitri Kartsaklis, Bob Coecke

https://arxiv.org/abs/2102.12846v1

20214




Abstract

=EFEASELE(QNLP) X, EF/\—FO7 ETETITSHC
CHHELI-BARAEENEETIILDEREGTEEREZTHTOEDOTH
B, REFX TlE., 100X L EDT—2 Y%L T, Noisy
Intermediate-Scale Quantum (NISQ)a>Ea1—42 ETiTo
== PDNLPEERDIEREBNT D,
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THE YONEDA LEMMA
Mac Lane
Cateqories for the Working Mathematician

Noboru Yoneda is rightly honored for his well
known lemma: if F isa functor from a category C
to Sets, then the natural transformations from
hom(c, - ) to F corresponds by a bijection to the
set F(c).

Nat(Hom(c, -), F) = F(c)


https://ncatlab.org/nlab/show/Categories+for+the+Working+Mathematician

THE YONEDA LEMMA
Mac Lane

Cateqories for the Working Mathematician

Yoneda enjoyed relatingthe story of the origins
of this lemma, as follows. He had guided

Samuel Eilenberg during Eilenberg's visit to Japan,
and in this process learned homological algebra. Soon
Yoneda spent a year in France (apparently in 1954
or 1955).

There he met Saunders Mac Lane. Mac Lane,
then visiting Paris, was anxious to learn from
Yoneda, and commenced an interview with Yoneda
in a cafe at the Gare du Nord. The interview
was continued on Yoneda's train until its
departure. In its course, Mac Lane Ilearned
about the lemma and subsequently baptized it.


https://ncatlab.org/nlab/show/Categories+for+the+Working+Mathematician
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Next Sentence Prediction®

Input = [CLS] the man went to [MASK] store [SEP]
he bought a gallon [MASK] milk [SEP]

Label = IsNext

Input = [CLS] the man [MASK] to the store [SEP]
penguin [MASK] are flight # #less birds [SEP]

Label = NotNext
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