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ÒWhat is applied category theory?Ó
https:// arxiv.org /pdf/1809.05923.pdf
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From word to sentence :
a computational algebraic 

approach to grammar
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# FF#G" H$IJ $J
# FF#G" H$HJ%J

# FF# G" H$H J%J
# PG" PP

# G"



T/CBB2-< 2<<-CEUV

/CBB2-< 2<<-CE U
4W%X(F(6F! 4C, (6, # Y#

••:oÅFQ” Y#7ÆÇ<N

M#Ro yes / no :È`NÉÊ1)¬­9‚

y_o will O ” W%X(F( 7ËÌ\GN‚

will: W%X(F(



Ò/-,E 8CBB2-< 2<<?Ó

/-,E 8CBB2-< 2<<?
ZW, ((W( W%X(F( F! C, ( # ZW

OOrsyzMm W? ZWuq{Fl
Y!s yes b no r|}l~%'•€'•‚]

[Y!s wh - •‚]uƒ„~%'•‚]
W%# W# ZWr…lx

†Es * ((* ( # PL * " * "" # P
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DisCoCat の登場

••:Ro Coecke ) DisCoCat #17ÍÎ<N‚
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DisCoCat )*+
Bob Coecke

! Monoidal category %String Diagram
! ,)-./01)-.2$)3456789:;<

! !,)-./01)-.2$)=>



カテゴリー論的
構成的分散意味論

••:Ro ?@ABC#7EQ_klrÏÐ-.# 7ÍÎ<N‚

ÑÒruÊZ-ÓRo!1)-.RoÔÕ),)-.%o,/
017kl<N1hÖ×O•jGklrOØšmnN$%QÙ
klg)Ú"71)-.#OPQGvÛE<N•% :XN‚

! ?@ABC#rklrÏÐ-.#$ Dis tributional
Compositional Categorical Semantics  7 DisCoCat %
‹Ü•%tXN‚

DisCoCat 7ÝÞF_ßà)#1Ro Bob Coecke 0t
2010 ¦Oá;F_´)#1:XN‚



Mathematical Foundations for a 
Compositional Distributional Model 

of Meaning

Bob Coecke, Mehrnoosh Sadrzadeh , 
Stephen Clark

https://arxiv.org/abs/1003.4394

2010 K

https://arxiv.org/abs/1003.4394


Lambek 1 Pregroup I

ÒWord2VecÓ



!

Bob Coecke



Bob Coecke -
Categorical QM 6789
01æ-çè ÓPicturing 
Quantum Processes Ó61
æ-ÎÏÐ¬Ñ-éê+€
aYÀ’98*E

æ+ë`)* String 
Diagram 678901ìí
-¶·¸¬îï
2!"#$%&'($)&#)*'?z÷ ++
ÁÂÃÄ¬fÂð ,-. 5?ù
¿6D9ÇD8E

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

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


Abstract

ñ`01VWXPˆ"NOP6€*[\34f#1 Lambek 6
€c95Â¢’; Pregroup åy6òóD;àá{´-|Q{
Šf?ô()*yz{ãäG?­õ)*E

$-yz{ãäG6€Ü1ö÷6´•Ú¢’;à-34?1t-
|Qz‘-M-34rsab)*$#+&,*E

ef{601 Pregroup -´-øU0ÁÂÃÄ-I62Ä•X5¢
’1|Qz‘-M-34?ó€a­LÏ¢’;õà2f-346V
š)*ÏÐ¶ñ#o*E



Ìzo-01 à2f-3401t-à-àá|}#0ùÕ61
Û*”Ÿ-ˆ"6wx)*$#&Û*E t’ú›1[\NOP&
-”M-34-ûü#gØ€•61 $-ˆ"&-Êý?1þ3-
à-34-ûü6ÿ`)*$#+&,* E

ñ`+`8*yz{|}01à2f-34?ŠÜH);A61
à-œ-”M"-!"-#’?'sr6)*1•$6%LÎÓ
ï¼{oab?346)*E

VWXPˆ"-ñÁï¬?&¬PØ'6(ô)*€•o1ñ`-
2ÁÂÃÄ¬NOP5-Û*Vj01N©­)«¬ˆ-&¬P*3
4f?¯Z)*E



!"#$T‘’U

34-Z[f#[\34f01Û*34@+)*,()*Šf
&Û*Et’-’6ß.#/.+Û*1šm0|Q{9+,ß{
&1vm00|Q{9+,•{&Û*E1Ò2z-à3&…1$
$i-¨4Wî¤•ñX{NOP#Z[f{NOP-"656-
¬%+wx)*E

$-fà&01 Â©7Pˆ"?ÿ`D91M-34-VWXP#M
-àá{´-8Î?Š*E



àá#D9- Pregroup +é694Úa1ñ`+t’?l`)*
t©#oc;-01ÁÂÃÄ¬f{o—q6Õ7#1t’+VWX
Pˆ"hÂ©7Pý#Uw-|}?è7#8•$#&Û*E

VWXPˆ"1:‡;<1Â©7Pý-ÁÂÃÄ…1 Pregroup …1
8Àú* compact closed ÁÂÃÄ ##%’*…--c&Û*E
ef{601 Pregroup &-´-µ“01 monoidal ÁÂÃÄ¬
- monoidal Â©7P6';)*E

à-34?ab)*yz{|}0134#´-É7?äG(À
¼; compact closed ÁÂÃÄ¬#o*E

Lk-340VWXPˆ"-VWXP1àá{Ô=0 Pregroup
-´1ó341´õ'-(Q60 Pregroup &-(Q#'6oc;
VWXPˆ"-Â©7Pý+lÀ’*E



Monoidal category とString Diagram



%&'QRY456u“”r*F

$-fà-I,oéê-Ÿ70134-|Q{NOP?1F‡
&YZD98*$#&)E

t$&01 Monoidal Category - String Diagram 6€*YZ
+`8s’98C)E

t-éê?>”6‘9b,CD–•E



•–Y—˜t“”Yqf

Monoidal ÁÂÃÄ¬-I6789-Tˆ+ monoidal ÁÂÃ
Ä¬-iŠrs&'34&Û’%1t-Tˆ0t-F‡{LM
&Û* String Diagram &…5H34&Û*E

C;1t-?…QÜÕ7E

)oÀ<1 String Diagram &F‡{65H34oTˆ01
monoidal ÁÂÃÄ¬-iŠrs&'34&Û*E



™?“”?'WXYZš›



"JK!J1LM#$NO

™?“”?'WXYZš›



™?“”?'WXYZš›

PQRSTU
VQ1WRSC

XYZ[

VQRSTU
PQ1WRSC
X\]^_`a[

!"#$%&'#()*+&,(%&-*"'.$/00/01 Jb1 (.%,%#.(c$=,-.
6639de9f5*2cg+.JhHi+,-.5*^



™?“”?'WXYZš›

<

<

>

>

\ ( ] ( \ " ] "



“”uœ”Fl•™
Yanking 等式



String Diagram $LMN!
ž'Ÿ: u¡¢zN£zM

!"#$%&'($)&#)*'u–¤
++¥¦§Š:,{¨ ,-.

https://www.marulabo.net/docs/category01/
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「語の意味から文の意味へ」の
プロセスを図形で表す



S3'%&V'©e

S]'%&V



S3'%&bc]'%&7V'ª«¬­

jkl`9mn#opc
qrs.



ÒJohn likes MaryÓ '%& S '“”*+

John likes Mary

> <

Mary

> <

likesJohn

<
<

S

John likes Mary
Pregroup "b

Pregroup c" s"de

1 s "de? String 
Diagram c/0

*"23/0"fg

1"23/0 S



ÒJohn does not like MaryÓ '%&u
“”r*+Fl



ÒJohn does not like MaryÓ '%&u
“”r*+Fl



S(®¯°VZª«¬­?zN'
S]'%&V



「語の意味から文の意味へ」の写像



3?]'S%&V?S]^Vu
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!
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) ! * +,-./ 0* 1 ! " 234567
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3'©e ( %) ( 5 '%&²³´6

M-µ¶ %! & %" -34VWXP?1 %! & %" # Y)E

$-h1 %# ' ( #)* # ?1 M %#- 34ˆ"#D91T-€•o:´
;< + ?¿›*E

%! & %" ' +,%! - & - %" .

/ ' 0* ! & * " 1 23o*´ 2-àá{5H+wx)*h1:´;
< +01 / œ- * #? ( #6“,š›* $#&Š*$#+&,*E



FVect µ P ¶'·?zN'S]'%&V

/ ' 0* ! & * " 1 230 P-I&ÛÜ1 + ' / 0* # $ ( #301 FVect -
:´;<o-&1T-…-01 FVect 4 P -I&Û* !

, ( ! - & - ( " )* ! & * " . 5 ó6)7.

•) - 7o ! ,)-./0 1) -.2) =>$%‹Ü‚

"#$%&
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カテゴリー論の応用としての
DisCoCat

••:Ro Tai-Danae O•N DisCoCat )åæ7Í
Î<N‚
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?@ABC#)DE%FG) DisCoCat
Tai-Danae Bradley

! ?@ABC#%HIJ,K"
! Syntax Category: Pregroup Grammar

! Semantics Category: Vector Space
! Functor: Syntax ! Semantics

! Òbananas are fruitÓ )-.7LM<N



What is applied category theory

3.2 Natural Language Processing

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

1809.05923.pdf



Monoidal Category

Monoidal ?@ABC Ro´)¨wç NQ2R 2SP:XN‚

! QR?@ABC

! R Ro functor QTQ ! Q
! SRo R OwQGèég%FGêE<Në™ìíîï

±G)ðñ U2VOwQG U R V WV R U) òo Symmetric 
monoidal ?@ABC %QÙ‚



Monoidal Category '@

! /01 , &, 2
XYZRó—o TR~ôo [ Réw)ðñõö/0uNó
—‚

! 345 ,6 , 7
\]^ R÷øãäo _ RÏùúo ` Rãó—‚

! 890:1 , ; , <
abYcZRû d“)üýþîï(ãäo R R@ÿ!(ôo d
Rû‚



compact closed category

ƒ)±G)ðñtef dual 7xw monoidal ?@ABC7
compact closed ?@ABC %‹Ü‚

üýþîï(ãä FVect Roƒ)ðñ |v> OfFGoef
<v| 7xw):o compact closed ?@ABC:XN‚

compact closed ?@ABCRoþîï(ãä)é"b%#
`GQQ‚

þîï(ãä:oƒ)ef dual )g$7o#`G%•Ù‚



= ¸'²³´6¹º >r dual u»}l

@ôTU-VWXPˆ" 801 A'ˆ" 8$ ' 9:; , 8)< .?è7E
$-h1T-€•o:‡;< =%)>% ?¿›*E

=&?< @8 - 8$) >%?8$ - 8 @<

ÝÕ AB' )& B( C?Ÿ7,A*#1 8 D 8$ #o* -&1

=?< @8 - 8) >?8 - 8 @<

#¿›988E



²³´6¹º' unit ? counit

=?< @8 - 8?VWXPˆ"- unit ##÷E
=0129-¯y61 8 - 8- VWXP?=Ü*9*E

= E ' F
#)*

G#*B+- B,

>?8 - 8 @< ?VWXPˆ"- counit ##÷E
>0129- 8 - 8-VWXP61¯y?=Ü*9*E

> F
#)*

G#*H+- I , ' F
#)*

G#*,H+JI , .

4567 6!71" " hi



¼½' compact closed category r'
unit ? counit

compact closed ?@ABC)ë™ìíîï Vt&ef e ! %
'ef e " 7xw%<N %o´)•Ùu fghi%jkfghi 7#`n(
QQ‚

lmnji :Ro e # ( e ! ( e " O ujGQNo



= ? > ; >(

= ? " 8 ; >

@(

@"

>( ; > ? =
A(

>( ; > ? =

> ; >" ? =
A"

unit counit

@(

A(

up

@"

A"

down
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Syntax = ]^
Semantics = %&

! Syntax = 1h$%! Semantics = -.$)fD)öOo
Functorial Semantics -•B¬¼?l•601:-€•oCD
+yz9i•r« T-~7+¿›s’*E

1. àá- Category J àá?yz{6Å•60:•)’%€8
r« àá?yz{o Category #D9E›*E

2. 34- Category : 34?yz{6Å•60:•)’%€8
r« 34?yz{o Category #D9E›*E

3. Functor J àá ! 34 - Functor ?:-€•6|Q)*
r« $- Functor 01à2f-34?E›*$#+&,*
r«



The Syntax Category: 
Pregroup Grammar = PregX



]^' Category
PregX

àá- Category &01·6ƒ„D; Lambek - Pregroup 
Grammar ?l•Eó ;9D1t->F¥&Û*E õ
$-ÁÂÃÄ¬? PregX&Yt•E

Ýü{oàá-´01²³-´ n #à-´ s &Û*E$’rs1
Ýü{oG³-´+,í¢’98aE

K =  ²³
L =  à

KK# = ‡Ë³
K$LK# = Ít³

M+vH)*h1';)*M-´&1T-€•oab?˜•E
%%# ' M# óI›*õ
%$% ' M$ óI›*õ



Pregroup '>¾
Pregroup= poset+monoid +ÓdualÓ

1. No2p PRo¸¹º
2. @p q u0(o±G) + r oOwQGo +@p +q: @+p

q+

3. ±G) @r o Ro'ef @" %&ef @! 7x*o´)a
tlÌ+w‚

1 2

3

@"@p 4 p @@"2 @@! p 4 p @! @
s" t " s! t !



pregroup ! compact closed category

,) pregroup )š›-)¯./ u 7o?@ABC)¼ ! %
#`n(QQ‚

! ¼)š› @! q iff @p q

! ¼)—l @p q ! q p ' "# v p w
! èég @p @

pregroup 01T-€•oØJKÏL-ßM…èc98*E

pregroup ! compact closed category r…lx

@"@! 4 ! @@"2 @@! ! 4 ! @! @
s" t " s! t !



Òyellow bananaÓ !¿À?zNÁÂ•l

n! 1

4$ xs"s"



Òbananas are fruitÓ !]r…l

s! x4%xs"s"s!



The Semantics Category: 
Vector Spaces = FVec



3'%&'()456'@

{sweet, green, furry} #8•M?‡NÛ*ü+Ûc;#D€•E
$-~7-M?$-¨¬œñ- context word 6O½9s1$’
?ÝÕ#D91T-€•6VWXP&Y)E

$-h1$-ü-œ-M banana, puppy, fruit 01T-€•
6Y¢’*E



3'%&'()456'@

¾-Lk&L›%1ñ`01¨¬œñrs-O¬­?$’s-M
?~TU-VWXPˆ"6PAQN;A6ÿ`D;-&Û*E
M banana -340 (21, 9, 0) 1 M puppy -340 (8, 1, 
32) 1M fruit -340 (43, 19, 0) #8•$#6o*E



meanings of words = FVect

É7-M-VWXP-Êý?ab&,’%1t’s-VWXP+
‹¢+ÀrÜ1…D…t’s+gØ34?èc98;#)’%1t
’?RS6YZ&,*E$’01 NLP&TU?D98*!60€a
Òs’98*$#9E

Coecke s-34f{ÁÂÃÄ¬01$•D9"›s’*Et’01
< ®-@ôTU-VWXPˆ" &Û*E

meanings of words = FVect



Functor: Syntax ! Semantics



3'()456!s]$!ÃÄrHZMÅ
¥¦§Š:,ˆÆ‘$Zl

²³o+s1·-M-[\NOP01à60ö`&,o8Eàè
Ê&gØà+Z’*$#0Ç#½:o8-&1·-¿›&0•Ca
8ro8E
$$&1ÁÂÃÄ¬f+VÚ-•?WDHD9a’*E
|Qß-XŠ6Ys¼%1à-3401à?|Q)*Z`-M-
34#t’s?\¶7Ú*àá-P¬P&ab¢’*¤,&Û*E

ñ`01 2M-345#t-M-2àá{o´5-8Î ?1 syntax
(àáõrs semantics( M-34 )m-;<?wØ9Š*$#+&
,*E)oÀ<1T-€•o functor F ?wØ9E

B C'DEFG ? B>EHI



EÇzsIJˆ…l

2 3 )&*45 6 27*8/

#8• Functorial Semantics ?ÿ`)*;A601 PregX…
Fvect …gØÁÂÃÄ¬6xD98oÚ’%oso8E¯r1{m
0#…61 compact closed categories 6x)*E

F01 strong monoidal functor #D91 compact closed 
category PregX -|}?1 compact closed category 
Fvect -|}6•7)E F6€c9|Qß+Ww¢’*-9E

;9D1$-ÌzoU¯-ƒ'01$-¶¡î¤©&0C9˜À’
9 8o8E¾- ¶¡î¤©&ƒ')*E



The Functor: Syntax ? Semantics
'˜ÈYZÉÊ

$-[&01 functor F : syntax @ semantics -'H{o
Z»?"›*E€Üef{601 F : PregX @ FVect -E
Æ&Ç\WX #I6789- functor -],?,í)’%88E



The Functor : Syntax ? Semantics
on objects

On objects
" F assigns to the noun type n 

a vector space N : Fn, 
which weÕll call a noun space

" F assigns to the sentence type s 
a vector space S : Fs, 
which weÕll call a sentence space



The Functor : Syntax ? Semantics
on objects

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

a linear map Fa Fr..

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



Functor F: Preg ? FVect
F!s compact closed structure uËÌFl

" N0 1OPQRAK)L. - unit ="
- ?E @K- K) ="

. ?E @KK.? 1
N8QGS- unit =/ ?< @T - T6•7)E

6 t $
! ( 6 t $

" ( t & N, OwQGv è0 P

" N01 OPQRAK)L. - counit >"
- ?K- K @E) >"

. ?KK. @E?1
N8QGS- counit >/ ?T - T @< 6•7)E

6 s$
! ( 6 s$

" ( s& N, OwQGvè0 P



Functor F: Preg ? FVect
F!s compact closed structure uËÌFl

" N0 1OPQRAK)L. - dual ?1 N8QGS- dual 6•7)E
N K- ' N K. ' T $ ;9D N8QGS0@ô TUo-& T $ U T

l 8! ( 6 8" ( y N, OwQGvè0 P

" N0 1OPQRAK)L. - Í(´ ?1 N8QGS- Â©7Pý 6•7)E

nz{ z6 8! , 8" | 6 8! R 6 , R 6 8" ( y R 9 R y



Òbananas are fruitÓ ./012345



Step 1: Í•Î•'3$s Preg(n, s) ']^m
uÏÐÑNl

9-$-$- 6 $
-&* 6 $! ($ "

,&:1/ 6 $



Step 2: S¿ÒV¹º J K BL S]V¹º MK BNus
WÓuÔ¤O?rÕ>Fl

2²š5ˆ" N?1T-~7-VWXP+ÝÕ %! )%0)%1#D9]
*~TUVWXPˆ"#D€•E

sweet , green , furry
we can represenors

$’s-ÝÕ+2²š5ˆ"?Š*



>”6)*;A61 S?2+r^r5-ˆ"#,íD91 17-VW
XP E&]s’* 1TU-VWXPˆ"#)*E Xq V WX0 "^ "
6';D1 E0 "+ "6';)*E

E -ñÁï¬_0:•o*9i•r«

`Nos%1 E -R-ñÁï¬_01ü*6+&Û*à-34V
WXP9#¿›9…rCÀo8EñÁï¬+I,Ú’%I,8Ç:1
t-à0RD8#¿›’%88E

×v612²³5ˆ" N#2à5ˆ" S+aC’%1t³-ˆ"0­
%&•6Â*$#6b3D€•E

N K- LK. ' T - X- T



Step 3: ]Ö'3'²³´6*+u×#l

$’s-VWXP01{ê#…2²š5ˆ" N 6x)*Eo†os1
t’s-Lk0àá´ n ?è7rs9E
$-M-34-VWXPYZ01à-34-VWXPYZ?ab
)*-6ÿ`¢’*E



Step 1 &1 ÕareÕ 0àá´ K- LK. ?èc98*$#?Òc98
*Et’ú›1t’0Â©7Pý T - X- T -VWXP&Û*E

tD91t’088•«¬ñ&Û*Eo†os1…D…ñ`+2ö`
0ö`&Û*5#8•$#?Òc98’%1)oÀ<2žc0dc9
8*512žc0e&0o85T`1t-h1$- ÕareÕ -VWXP
?1 3 x 3 -˜™#D9ÑYZ&,*E
$-˜™ c - i˜ j™•-.y G#* 01T-€•6o*E



Step 4: Preg(n, s) rsm'ØÙuÚh

banana is fruit

! ! ' "! . ! #"# "

88' ! 4 , ! , 8(8 ! 4

9%
&j : ' j 9%

(

' !
" ( # ' !

$



( ) )
) ( )
) ) (

Step 5: Functor F uÃÄFlÅ
Syntax ! Semantics

banana is fruit

! ! ! " ! " ! "
9%

&j : ' j 9%
(

* +' !
" , - " - . ( / 0 ' %
* ( # 0 ( &

12+' !
' , - - ' . ( )0 ' %

*- 0 3 4
*- ! 0 3 4*5 0 64*- " 0 3 4

*- 0 3
*5 0 6

J ; J ; M; J ; J M
>/ - E2 - >/

Functor F

Syntax

Semantics
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) ( )
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S'%&'²³´6*È!B

y R y R 9 R y R y 9

••:o s&Ro s&}y R y ! ~ %QÙ1”=>:XN‚
y_o 47Ro 47}9 ! 9 %QÙ«÷ =>: XN‚

•n0)19=>7o1OfD<Nþîï(OÛE<N%o
s& R 47 R s&(banana R is R fruit )

( A4• €
4 € €
€ 4 €
€ € 4

CB
4•
€

( 4•FC

1 Òbanana is fruitÓ )-.Ro 4•FC4 %;2mnN‚

>/ - E2 - >/
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! Coecke ) Quantum -NLP

! Tai-Danae ) Reduced Density



Coecke # Quantum -NLP



Coecke # Quantum -NLP

$-¶¡î¤©&01 DisCoCat -f±m Bob Coecke +1Zx
:-€•o‚•?˜c98*-r?‘9G€•#Ö•E

æ01 DisCoCat -ãäG?1 $#%-34?•žg‹#D9E
›* ês&¡•¢¼1 QNLP •žf{¥¦LM§Š Quantum 
Natural Language Processing ?•jD;E

¯r-•ž¨©ª«¬­®& QNLP-¯&¯°+±Cc98*E



DisCoCat 6787



DisCoCat
Pregroup ]^r'_ John likes MaryÓ '(j

" M-´ John : K , likes : K- LK. , Mary : K

" øUP¬P

" %LÎÓï¼

" à-´ s-5H
cup cup



DisCoCat
Functor: pregroup bc²³´6¹º7

" Functor Y 01 pregroup -´?VWXPˆ"6•)E
K @T)L @X)K- LK. @T - X- T

! klm"b ; &<; )=T$n o"_pq7 = > ? > = NrD
st=T = > = @? "uvwxy)zDs){e|D

! w}m"b ; ; )=Tvwxy = @= ? /~•€•)zDs){e|D

" Functor Y 01 pregroup &-øUó reduction õ?VWXPˆ
"-hi jcontraction k6•)E

" à Z' %! %0 & %" -34 [ 01 pregroup -øUP¬P / -U &1
T-ˆ&"›s’*E

[ ' Y, \ . 0I ' - I 3 - & - I ( 3



Foundations for Near -Term
Quantum Natural Language Processing

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

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

2020 K



Abstract

‹8lm-•ž¥¦LM§Šó QNLPõ-u³{1yz{ÝÞ?
­nD1•ž¨©ª«¬­2zm6h¢D8Lk&t’?˜•E
ƒ'{oYZêá?_`D1¯&{o&ó#yz{oŸoß6
789-‡ˆ{oZ»-;A-ù¿àp?­n)*E

ñ`01ñ`+_`D98*¥¦LM-•žNOP+1LM{
o34#qroLM|}óé6àáõ?RDarC{66\(D9
8*$#?Ö8HD98*E



é6134#|}?\()*;A6•ž{oNOP+yz&Û*
#8•U¯01 QNLP+•žk-î·«B¬î¤©#gØ€•61•
ž4LÂÀ&&Û*$#?Õ&D98*E

¢s61•žs¬›»\Î®&¨tO¬­?u©¨¬›)*;A-1
Zx¦#-ÈLv-w&-œJK•žó NISQ õœï%L¼-¢C
xCo•žµy01 NISQ ?é¾6 QNLP6öD;…-6D98*E

LM|}01'sr6zy=y{6B8ab¨ñX?yz#)*
o¨toàá-›©OÀ©Ó#0'Y{61Ç#½:;9&u©
¨¬›)*$#+&,*E



Fˆ{o{f0 QNLP-œ|?o)…-&Û*E

C|1•žNOP01ÁÂÃÄ¬f{•ž}z-Fˆ{o‡ˆâ
6€c91LM?•žÏÐ¶ñ#D9ÓX)*ET61$’s-F
ˆ0 ZX-calculus 6€c9•žµy6Vš¢’*EtD9134
-œïM¬­â+1z~)¤,µyVy#o*E

ñ`-LM|}-•žµym-u©¨¬OÀ©Ó01LM|}
-œ|6»ÀX0©î«­L©-234#0à3&Û*5#L•Èf
?•›*$#6€c91Zx¦#- AI ]^?€›*1¹D8Lk
-34?SÕ)*ÎÏÐ¬Ñ?efâ)*…-&Û*E



()*+.9:;<=



ÛÜ23'ÝÞ456

Íy-M-3401Íy- qubit -g‹&YZ¢’*#D€•E
é61 hat ó•žõ-€•o ²³ K -3401 1-qubit -g‹
]^ " _ W` 0&YZ¢’* #)*E

²³ K -34 a Eb cdefS-g‹ ]^ " _ W` 0

²³ hat -34 a Eb cdefS-g‹ ]^ 456 _ W` 0



¿À$”ßÀuÃÄFl
OPI? QRPHSOPI

black hat -‡Ë³ black 01²³ hat -g‹? black 6V›
*E‡Ë³ a? 1-qubit -;< =5?̀ 0 @` 0 #YÀ)$#+ Hm*E

²³ nm-‡Ë³ a-ö`-34 ]^ 57" _ 0 T-€•6YZ¢’
*E

]^ 57" _ ' =5, ]^ " _ .

Fˆ&Y)#1T-€•6o*E
$$&1



¿À$”ßÀuÃÄFl (2)
OPI? QRPHSOPI

Black # hat -34rs black hat -34?g*…•Ÿ7-êá
+Û*Et’01‡Ë³? 2-qubit -g‹ ]^ 5 _ W` 0 - ` 0#¿
›*$#&Û*E

g4 g-˜™-z‘01T-';& 2-qubit -g‹#';)*E

$-h1²³6‡Ë³?ö`D;h-3401T-ˆ&Y¢’*E

3• 89$ 5 ( ‚ R 1 V%.. PƒN3• 8 5 R 3• $ 5 P

$$& h iQjj ' h VV k h EE]&1 l 0gŸß &Û*E

Choi -Jamiolkowski correspondence



¿À$”ßÀuÃÄFl (2)
OPI? QRPHSOPI u“™r*F

AB* +% C D E> F G-HHI J KAB* C > AB% C I

01Fˆ&01T-€•6YZ¢’*E

"#$% 2-qubit &'(
:; ( < = >) ? >) )*+,

"#$ a%1-qubit &-.
@( , >) . >) )/01
:; ( *! < 0 @( +:; ! < /



TUERRV ? WUERRT
cap ? cup

| i Qjj> # < i Qjj | 01Fˆ{601T-€•6YZ¢’*E

·6‘;1 2-qubit -g‹ ? g4 g-˜™#';)*';01T
-€•6o*E

$-h1

$’01•žÂBº¬Â¬î¤©-Fˆ#gØ‡?D98*E

cupcap

cap

cap

cup

Choi -Jamiolkowski correspondence



àÀ IX$á3 YL?âY3 LMuã}l

]^ " ! _ W` 0)]^ " " _ W` 0)]^ " ! 76&7" " _ W` 08 #)*E

‚ 01à-34ˆ"- LvE

]^ " ! 76&7" "
_ ' =6&, ]^ " !

_ - ]^ " "
_ .



àÀ IX$á3 YL?âY3 LMuã}l
äh¼L'‹ª«:å

]^ 6& _ W` 0 - , ` 08. - ` 0

]^ " ! 76&7" " _ '

h iQjj - l - h iQjj ] . #, ]^ " ! _ - ]^ 6& _ - ]^ " " _ .



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

2021 K



Abstract

•ž¥¦LM§Šó QNLPõ01 •žs¬›»\Î®&¯˜)*$
#?•{#D;¥¦LM§ŠNOP -ƒa#¯„?Å•…-&Û
*Eüfà&01 100 àÏ®-O¬­¶¡X6'D91 Noisy 
Intermediate -Scale Quantum óNISQ õ¨©ª«¬­®&˜c
;×/- NLP¯°-\Ž?ƒ„)*E
Coecke s (2010) 6€*34-|QNOP#•žf-‡ˆ{o
56ß?ÿ`D1•žµy6¥¦6â¡ª©Ó¢’*à-YZ?
ŠQ)* E$’s-YZ?`891•žs¬›»\Î®&>”o
à-[5­ñW?Óa 27-¥¦LM§ŠNOP-¯„#…†6
QRD;E
üfà&01$’s-¯°-¦zoXŠ1ÏÐ¶ñ1‡%?1¥
¦LM§Š‚•m+ŠÓDh)8êá&ºä6ƒ'D1¯`{
o•ž¥¦LM§Šm-ˆ?jaE



Introduction

•ž¨©ª«¬­01Zx-rC{]^€Üab‰—?zy=y
{6s®¢¼*#8•š­-U&1•ž¨©ª«¬­]^0¨©
ª«¬­ Lu©ñ-×·Š[d#D9‹‰6¡•D98*E

;91×‹C&1•ž¨©ª«¬ÂÀ©Ó-‚•-Ç#½:01•
$6Šf{&Ûc;Ü1¨t{os¬›»\Î®&-î·«B¬
î¤©6=>?èc98;-9+1ÈLv-w&-œ"ñŒ¬P
•žó Noisy Intermediate Scale Quantum JNISQ õOð
Lñ##%’*‚•m+ÿ`&,*×/-•ž¨©ª«¬­-.
/6€Ü1•[ó Pirandola s1 2020 õ1âzó Caos1 2019 õ1Ù
Ž•zó Caos1 2018 õ#8c;•‘8Â¬â6C;+*@`o
¯`\Žh;`+)&6gs’98*E



Introduction
$-¹D8ab-œï%L¼+1¥¦LM§Š6…ÿ`&,*-
r1#8•’¬0*¦6ÙC’98*E$-€•o;`01LM=
v-¬%&ab-B‰â?•{#)*;A9Ú&0o8E

ab-B‰â?€›91•žîñÂ¼+:-€•6yz{6Z»
¢’1C;1!"-2•ž{5u©¨¬OÀ©Ó+:-€•6˜À’
98*-r?‚•)*$#+1LM-34-YZ#§Š-u³
{‰¯`{o•“67o+*34ß+Û*E
$-€•o—q6L©ñœLÎ¢’;1•ž¥¦LM§Š
óQNLPõ01C9±Cc;%rÜ-‚•[d&ÛÜ1•žs¬›
»\Î®&¯˜&,*€•6ƒa¢’;¥¦LM§ŠNOP-j
¡?•zD98*E
$-[d60‘”sD8Šf{‚•+wx)*+1­õ¢’98
*¯°0¨t{oî·«B¬î¤©&Û*EcL0×‹-‚•
óMeichanetzidis et al. 12020 õ&10á6eJKou³¯&
¯°+/A9•žs¬›»\Î®&¯˜¢’;E



$-fà&01•žs¬›»\Î®&¯˜¢’*LM§Š­ñW
rso* 27-12oœJK¯°?ƒ„)*E
$-¯°-•{01 NLP­ñW6b89¨t{o¯„€Ü…•ž
{o•–ß?H)$#&0o8EZxÿ`34o•ž¨©ª«¬
­-©4+ôs’98*;A1$-€•o$#0C9—34&Û*
#¿›98*E
ü‚•&01 QNLP+¯r6:-€•o…-&Û*r67891
NLP¨·«•ÂÀ6ºäoƒ'?­n)*$#?¦o•{#D98
*E’m-NOÄ©Ó#¨¬OÀ©Ó-œï%L¼+:-€•6•
ž6öD;‡6•˜&,*r?HD1Zx- NISQ ¨©ª«¬­+
‡)‡%#(ô?~*E



!

Bob Coecke



Coecke " Oxford c"‚ƒ„G…†H‡…
!"#$$%&#"'#()'*+#(,+-'!.-/.$%,%.(#"'0%$,1%2+,%.(#"'34#(%(5'6787797:;

!"#$%&'()*+,-./0123456789
:0;,-<=>?@ABCDEFGH/IJ2KLM
N0O;2IJ5PQ:0;,M<RSTU2VW<X
Y<Z[\]<#$^_<`Iab/c<defe/R
STUg#$hijklm*no'2p`gq'rsU
5tuAvwdx0y@z{N0O

;2IJA|}D-<~•A€•‚Dƒ„2./0jk
…*†{‡ˆd‰DŠ•O‹2KL{Œ •Žu34• •
M<!"#$5‘’2•iAŒ&'rq8•:0k…“
”•'“#$,}D–—Oe•<Œ ˜™34• •-<#
š2345<›œ•žAŸ‚DQe0‘’ 234¡¢
2£,}D6789:0F2MN0O

!""#$%&&'()*$+$,-."!$,(/,.',)0&'()*$+&12+3,#!#4256788

https://courses.maths.ox.ac.uk/course/view.php?id=833


Coecke " Oxford c"‚ƒ„G…†H‡…
!"#$$%&#"'#()'*+#(,+-'!.-/.$%,%.(#"'0%$,1%2+,%.(#"'34#(%(5'6787797:;

E¤2¥¦M-<;2 ! L2jk…*†2~§5¨©dx<
342ª_u/˜™«%¬sU8¬*T16785­®
›:,C—¯JA°®±²MC0O

;2&*T-<;2³}„´µA_~}DC0˜¶2i
•u/·¸,/0F2M<¹º*»g¼'R'T234
5•_:0•½A¾$2345c2Ÿ—Aª_:0¿A
À£5ÁDDC0O

ÂA< ÃÄ!"#$hi% "#$%1,C—³}C˜¶-<
œÅ &'()*)+, ,}D?Æ‰DC0;2#$678AÇÈu
/ÉÊMËÌ}DC0O "#$%-<ÃÄ&'()*+2E
FÍÎ/ÏÐ2 - L,‡ÑÆ‰DC0O

!""#$%&&'()*$+$,-."!$,(/,.',)0&'()*$+&12+3,#!#4256788

https://courses.maths.ox.ac.uk/course/view.php?id=833


Tai-Danae # reduced density



æç$èÂe

ab$cdefgh3 "#$%&#'#()*+#,-(. $i$)j$kl;
mn/opqrg69W

" Language Modeling with Reduced Densities
https://arxiv.org/abs/2007.03834v4

9^3abhs$t%+uCvg3193wx/y%z{|
+}2~•€6169WoH1•vW

‚$)j$ƒ„…†‡/A`7h3 /0/1 ˆ / ‰$ŠT‹Œ
!•Ž•• 2)g<‘op’“$”• *+–$‘—/zG7`
1oW 34456788999:;#+<-#=>:'(48,>?68,('6$4./8

˜™3š›œ•=š›žSŸ; ¡69$g3–¢C;£¤
]^_`W

https://arxiv.org/abs/2007.03834v4
https://www.marulabo.net/docs/density2/


Language Modeling 
with Reduced Densities

Tai-Danae Bradley
2021 !
https://arxiv.org/abs/2007.03834v4

https://arxiv.org/abs/2007.03834v4


Zés Tai-Danae 'ê,$ëâFl'b

!"# DisCoCat $%&$'(# Tai-Danae $)*+,-./
$(012345$*6$78(#9:;52<=>?@.A

B5$CD;#EF$GHI$JKL<MNOPQ#R$S
T+U?>VWL(X/YZ(![#\]^_L+`a!5b
;# R&Qcdef&>?!?ghijOkl$mnno3p
qr+csf&>?/ b?2tu3pv@&wx$(.Ay

9:$nz;#{|$B}~•<MNOPy$BVWLy!€•
+‚Zp&>?@.A9:;R&Q DisCoCat NOPb;ƒ0„
!/<MNOP(X/5bx…=>?@.AR$†(#R$‡ˆ+
X/x$‰Š]‹R2b0>?/$(.A



‚ì'íNîˆï‘r…lO?

¥/=G7¦§…^G9$h3¨©+iª=«¬;­7p‚
=g69W®¯$°/h3±¢²v3«¬+³E1oW9^3
®¯;´Aµp¶·+¸¹op=`.$h3º6]«¬;9
7p‚=+g8p=`.‚=goW

" »¼PQ/½µp'($"#;=C¯pƒ„…¾¿hÀ
:Á

" ‚$¾¿h3ÂÃÄÅÆÇfÈÄ;\`7,$ÉŽ1g
y%/ÊËg8p$:Á

" Ì§…zÍ€=–$ÎÏÐÑ;»¼/ÒE ^o ÓÔh³
p$:Á

" )<=Õ¬$ÖÐh,$-./67012p$:Á



ðL'WXY‚ì

‚.673¨©h3i$@A+†×…z«¬^=61oW

" ,$-.zƒ„…¾¿+3¾¿Ø_27`z`ÂÃÄ
ÅSfÙ/hÚÛop$:Á

" ,$-./673ÂÃÄÅ$ÜÝh3ÞÂßàf¾¿
;áâ6911ãÚ_23RSTØop‚=+g8p
$:W

˜$)jh3‚$«¬/äop¨©$®¯;åæ9±$goW

¨©$®¯hƒ„…/'(_29±$z$go+3o]z]
=±¨©$!«¬"ç*h3è:Eéo`±$^=ê`1oW



( ) )
) ( )
) ) (

ñÒ'òó'“™

banana is fruit

! ! ! " ! " ! "
9%

&j : ' j 9%
(

* +' !
" , - " - . ( / 0 ' %
* ( # 0 ( &

12+' !
' , - - ' . ( )0 ' %

*- 0 3 4
*- ! 0 3 4*5 0 64*- " 0 3 4

*- 0 3
*5 0 6

J ; J ; M; J ; J M
>/ - E2 - >/

Functor F

Syntax

Semantics



( ) )
) ( )
) ) (

Qôõ••NMZM¦ö­´

banana is fruit

! ! ! " ! " ! "
9%

&j : ' j 9%
(

* +' !
" , - " - . ( / 0 ' %
* ( # 0 ( &

12+' !
' , - - ' . ( )0 ' %

*- 0 3 4
*- ! 0 3 4*5 0 64*- " 0 3 4

*- 0 3
*5 0 6

J ; J ; M; J ; J M
>/ - E2 - >/

Functor F

Syntax

Semantics



( ) )
) ( )
) ) (

Qôõ••NMZM¦ö­´

banana is fruit

! ! ! " ! " ! "
9%

&j : ' j 9%
(

* +' !
" , - " - . ( / 0 ' %
* ( # 0 ( &

12+' !
' , - - ' . ( )0 ' %

*- 0 3 4
*- ! 0 3 4*5 0 64*- " 0 3 4

*- 0 3
*5 0 6

J ; J ; M; J ; J M
>/ - E2 - >/

Functor F

Syntax

Semantics



( ) )
) ( )
) ) (

Qôõ••NMZM¦ö­´

banana is fruit

! ! ! " ! " ! "
9%

&j : ' j 9%
(

* +' !
" , - " - . ( / 0 ' %
* ( # 0 ( &

12+' !
' , - - ' . ( )0 ' %

*- 0 3 4
*- ! 0 3 4*5 0 64*- " 0 3 4

*- 0 3
*5 0 6

J ; J ; M; J ; J M
>/ - E2 - >/

Functor F

Syntax

Semantics



( ) )
) ( )
) ) (

Qôõ••NMZM¦ö­´

banana is fruit

! ! ! " ! " ! "
9%

&j : ' j 9%
(

* +' !
" , - " - . ( / 0 ' %
* ( # 0 ( &

12+' !
' , - - ' . ( )0 ' %

*- 0 3 4
*- ! 0 3 4*5 0 64*- " 0 3 4

*- 0 3
*5 0 6

J ; J ; M; J ; J M
>/ - E2 - >/

Functor F

Syntax

Semantics




