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S3bIKOBOE MOICIMPOBAHME

house

t
This is the ... ra

did

malt

KakoBa BEpOSTHOCTH CIEAYIOIIETO CIIOBA?

p(house | this is the) = ?



UrpyureyHbId KOPIyc

This is the house that Jack built.
This is the malt

That lay in the house that Jack built.
This is the rat,

That ate the malt

That lay in the house that Jack built.
This is the cat,

That killed the rat,

That ate the malt

That lay in the house that Jack built.

p(house | this is the) =



UrpyureyHbId KOPIyc

This is the house that Jack built.
This is the malt

That lay in the house that Jack built.
This is the rat,

That ate the malt

That lay in the house that Jack built.
This is the cat,

That killed the rat,

That ate the malt

That lay in the house that Jack built.

p(house | this is the) =



UrpyureyHbId KOPIyc

This is the house that Jack built.
This is the malt

That lay in the house that Jack built.
This is the rat,

That ate the malt

That lay in the house that Jack built.
This is the cat,

That killed the rat,

That ate the malt

That lay in the house that Jack built.

p(house | this is the) =



UrpyureyHbId KOPIyc

This is the house that Jack built.
This is the malt

That lay in the house that Jack built.
This is the rat,

That ate the malt

That lay in the house that Jack built.
This is the cat,

That killed the rat,

That ate the malt

That lay in the house that Jack built.

c(this is the house)

p(house | this is the) = c(this Is the ..)

NG



UrpyureyHbId KOPIyc

This is the house that Jack built.
This is the malt

That lay in the house that Jack built.
This is the rat,

That ate the mal;\

That lay in the house that Jack built.
This is the cat,

That killed the rat,\\
That ate the malt

4-rpamMMmbl
That lay in the house that Jack built. /
; L c(this is the house) 1
plhouse | this is the) = c(this is the ...) 4



UrpyureyHbId KOPIyc

This is the house that Jack built.

This is the malt

That lay in the house that Jack built.

This is the rat,

That ate the malt

That lay in the house that Jack built.

This is the cat,

That killed the rat, \

That ate the malt

That lay in the house that Jack built/

c(that Jack) 4
p(Jack | that) = = —
c(that...) 10

OurpaMmbl




I 1e HyKHBI SI3bIKOBBIE MOJEJIN?

* lcnpagsiieHue onevarox

Cantmakeit = mstme * ABTOMAaTHYECKHE OTBCTHI
©3%  Brian Strope « o
* MamuHHBIN IEPEBO/I

Ugh, | took a turn for the worst last night.
| won't be able to make it to the party.

Please have a great time without me. | L PaCHOBHaBaHHe pqu/I

* Pacno3HaBaHuE PYKOIIMCHOI'O TEKCTA

better! miss you! hear that.

« (N »
Reply Reply all Forward

‘ < O) [ |

Smart Reply / research.googleblog.com



S3bIKOBOE MOICIMPOBAHME

house

t
This is the ... ra

did

malt

KakoBa BEpOSTHOCTH BCEM MOCIEI0BATECIILHOCTH ?

p(this is the house) = ?



HeMHOro MmaTemMmaruku

JlaHa mocnenoBaTeIbHOCTD CIIOB:

w = (wiwaws . .. W)



HeMHOro MmaTemMmaruku

JlaHa mocnenoBaTeIbHOCTD CIIOB:

w = (wiwaws . .. W)

 [IlpaBuiio yCJIOBHOU BEPOSATHOCTH:

p(w) = p(wy)p(wa|wq) ... plwk|wy ... wr_1)



HeMHOro MmaTemMmaruku

JlaHa mocnenoBaTeIbHOCTD CIIOB:

w = (wiwaws . .. W)

 [IlpaBuiio yCJIOBHOU BEPOSATHOCTH:

p(w) = p(wq)p(ws|wy) ... plw| T WE_1)

* Ilpeamnosoxenne MapkoBa:

p(wz‘\w1 e ’ii—1) — p(wi’wi—n—H e wi—l)



burpamMmMHas A3bIKOBast MOJE/Ib

Hasan=2:

p(w) = p(wy)p(wz|wi) ... p(wg|wi—1)



burpamMmMHas A3bIKOBast MOJE/Ib

Hasan=2:

p(w) = p(wy)p(wz|wi) ... p(wg|wi—1)

Kopmyc:
This is the malt
That lay in the house that Jack built.

p(this is the house) = p(this) p(is| this) p(the| is) p(house| the)



burpamMmMHas A3bIKOBast MOJE/Ib
Hasan=2:
p(w) = p(wy)p(wa|w1) . .. p(wg|wk—1)
Kopmyc:

This is the malt
That lay in the house that Jack built.

1/12 1 1 1/2
p(this is the house) = p(this) p(is| this) p(the| is) p(house| the)



burpamMmMHas A3bIKOBast MOJE/Ib

Hasan=2:

p(w; |sta7"t)

Kopmyc:
This is the malt
That lay in the house that Jack built.

1/2 1 1 1/2
p(this is the house) = p(this) p(is| this) p(the| is) p(house| the)



burpamMmMHas A3bIKOBast MOJE/Ib

Hasan=2:

p(w; ]start)



burpamMmMHas A3bIKOBast MOJE/Ib

Hasan=2:

w) = pta)p(walws) . .. p(wg|wi1)

p(wy |start)

HeBepHasit HOpMUPOBKA: OTACJAbHO N0 KAXKAOU AJIUHE!

p(this) + p(that) = 1.0
p(this this) + p(this is) + ... + p(built built) = 1.0



burpamMmMHas A3bIKOBast MOJE/Ib

Hasan=2:

Mp (wafw) - (wk|wk—1)\

p(wy |start) p(entl )
k

HeBepHasit HOpMUPOBKA: OTACJAbHO N0 KAXKAOU AJIUHE!

p(this) + p(that) = 1.0
p(this this) + p(this is) + ... + p(built built) = 1.0



IIpoBepuM HOPMHUPOBKY

_dog _
_ dog cat tiger
_ catdog cat

p(cat dog cat) =




IIpoBepuM HOPMHUPOBKY

dog

dog cat tiger
cat dog cat

p(cat dog cat) = p(cat| )

dog

cat




IIpoBepuM HOPMHUPOBKY

_dog _

_ dog cat tiger

_ catdog cat

p(cat dog cat) = p(cat| )

dog

cat




IIpoBepuM HOPMHUPOBKY

_dog _
_ dog cat tiger
_ cat dog cat

p(cat dog cat) = p(cat| ) p(dog | cat)

dog cat tiger

cat dog

cat




IIpoBepuM HOPMHUPOBKY

_dog _
_ dog cat tiger
_catdog cat

p(cat dog cat) = p(cat| ) p(dog | cat)

dog cat tiger

cat dog

cat




IIpoBepuM HOPMHUPOBKY

_dog _

_ dog cat tiger

_ catdog cat

p(cat dog cat) = p(cat| ) p(dog | cat) p(cat | dog)

dog

cat tiger

cat dog cat

cat dog

cat




IIpoBepuM HOPMHUPOBKY

_dog _

_ dog cat tiger

_catdog cat

p(cat dog cat) = p(cat| ) p(dog | cat) p(cat | dog)

dog

cat tiger

cat dog cat

cat dog

cat




IIpoBepuM HOPMHUPOBKY

_dog _
_ dog cat tiger
_catdog cat

p(cat dog cat) = p(cat | _) p(dog | cat) p(cat | dog) p(_| cat)

dog cat tiger

cat dog cat tiger |cat dog

cat dog cat dog
cat dog cat

cat




IIpoBepuM HOPMHUPOBKY

_dog _
_ dog cat tiger
_catdog cat

p(cat dog cat) = p(cat | _) p(dog | cat) p(cat | dog) p(_| cat)

dog cat tiger

cat dog cat tiger |cat dog

cat dog cat dog
cat dog cat

cat




O0001IeHMe: n-rpaMMHasi MOAeJb
w = (wiwaws . .. W)

burpammHuas MojaeJib:

k+1

— Hp(’wz'\’wz'—ﬂ

N-rpammMHass MoJeJb:
(wz’—n+17 ‘e wi—l)

k+1 /
Hp w’&‘wz n-|—1



O0Oyuenue

Makcumusanus Jorapupma npaBaonogoous:
N+1

OueHKM HA mapaMeTphbl:

(w@\wz 1 ) = C(wi—n—l—l) _ c(w

1—n—+1



I'enepanusa llexkcupa

YHUIrpammblI:

10 him swallowed confess hear both. Which. Of save on trail
for are ay device and rote life have. Every enter now severally

so, let. Hill he late speaks, or! a more to leg less first you
enter.

burpamMmmei:
What means, sir. I confess she? then all sorts, he is trim,
captain. Why dost stand forth thy canopy, forsooth; he is this

palpable hit the King Henry. Live king. Follow. What we, hath

got so she that I rest and sent to scold and nature bankrupt,
nor the first gentleman?

Jurafsky & Martin, https://lagunita.stanford.edu/c4x/Engineering/CS-224N/asset/slp4.pdf



I'enepanusa llexkcupa

3-rpaMMmBblI:

Sweet prince, Falstaff shall die. Harry of Monmouth's grave.
This shall forbid it should be branded, if renown made it empty.
What is t that cried? Indeed the duke; and had a very good
friend. Fly, and will rid me these news of price. Therefore the
sadness of parting, as they say, tis done.

4-rpaMmMbl:

King Henry. What! I will go seek the traitor Gloucester. Exeunt
some of the watch. A great banquet serv’d in; Will you not tell
me who I am? It cannot be but so. Indeed the short and the long.
Marry, tis a noble Lepidus. They say all lovers swear more
performance than they are wont to keep obliged faith.

Jurafsky & Martin, https://lagunita.stanford.edu/c4x/Engineering/CS-224N/asset/slp4.pdf



Kakas moaenb jgy4iue?

Bb100p 7 94acTo 3aBUCUT OT 00beMa BEIOOPKHU

* OuUrpaMMm MOXET OBITh HEAOCTATOYHO

* 7-rpaMMBbl OOBIYHO YHUKAJIbHBI

Boemusasa onmeHka Kayecrna:
* KayecTBO NPHIOKEHMS: MAILIMHHOIO IIEPEBO/IA,
pacro3HaBaHUA PEYr, UCIPABICHUS OIEYATOK. ..

BHyTpeHHSS OleHKA KaYyecTBAa:
* TecroBas nepruiekcus



OuneHnka kauecTBa MoOJaeJIM

IIpaBaonogooue:
N+1

L= p Wtest H P wz|wz_n_|_1)

Iepmiaekcus:

YeM MeHbIIC ICPILICKCHUS, TCM JIYYIIIC.



Hossbie cioBa (OOYV)

OOyueHue:
This 1s the house that Jack built.

KoHTpOJIB:
This 1s the malt.



Hossbie cioBa (OOYV)

OOyueHue:
This 1s the house that Jack built.

KoHTpOJIb:
This 1s the malct.

KakoBa niepruiekcusi OurpaMMHON MOAETN?



Hossble ciaoBa (OOYV)

OOyueHnue:
This 1s the house that Jack built.

KoHTpOJIb:
This 1s the malct.

KakoBa niepruiekcusi OurpaMMHON MOAETN?

c(the malt
p(malt|the) = ( (the) ) =0




Hossble ciaoBa (OOYV)

OOyueHnue:
This 1s the house that Jack built.

KoHTpOJIb:
This 1s the malct.

KakoBa niepruiekcusi OurpaMMHON MOAETN?

c(the malt
p(malt|the) = ( (the) ) =0

p(wtest) =0



Hossble ciaoBa (OOYV)

OOyueHnue:
This 1s the house that Jack built.

KoHTpOJIb:
This 1s the malct.

KakoBa niepruiekcusi OurpaMMHON MOAETN?

c(the malt
p(malt|the) = ( (the) ) =0

p(wtest) =0
P = inf



Hossbie cioBa (OOYV)

OOyueHue:
This 1s the house that Jack built.

KoHTpOJIb:
This 1s the malct.

KakoBa niepruiekcusi OurpaMMHON MOAETN?

c(the malt
p(malt|the) = ( (the) ) =0

p(wtest ) =0

P = inf



Kak 310 ucnpaButh?

Ilpocrast maest:

* Crpoum cioBapb (Hanmpumep, PUIBTPYEM MO YaCTOTE)

* 3ameHsieM cioBa He u3 cioBaps Ha <UNK> (nenaem
TaK M Ha 00y4YeHUM, 1 HA KOHTpoJe!)

* IloacyuThIiBa€M CYETUYHMKH OOBIYHBIM 00pPa3oM I BCEX

TOKEHOB, BKJIro4ass <UNK>



XOopouio, HOBBIX CJI0B HET

OOyueHue:
This 1s the house that Jack built.

KoHTpOJIb:
This 1s the malct.

KakoBa niepruiekcusi OurpaMMHON MOAETN?



XOopouio, HOBBIX CJI0B HET

OOyueHue:
This 1s the house that Jack built.

KoHTpOJIb:
This 1s the malct.

KakoBa niepruiekcusi OurpaMMHON MOAETN?

c(is Jack)

c(is)

=0

p(Jack |is) =
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KoHTpOJIb:
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p(wtest) =0



XOopouio, HOBBIX CJI0B HET

OOyueHnue:
This 1s the house that Jack built.

KoHTpOJIb:
This 1s the malct.

KakoBa niepruiekcusi OurpaMMHON MOAETN?

c(is Jack)

c(is)

=0

p(Jack |is) =
p(wtest) =0
P = inf



XOopouio, HOBBIX CJI0B HET

OOyueHue:
This 1s the house that Jack built.

KoHTpOJIb:
This 1s the malct.

KakoBa niepruiekcusi OurpaMMHON MOAETN?

c(is Jack)

c(is)

=0

p(Jack |is) =

p(wtest) =0

P = inf



CraaxuBanue Jlamiaca

Nnesn:

* llepeHecTr 4acTh BEPOATHOCTH C YACThIX OUTPAMM Ha PEIIKHE

* IIpocto no6aButh 1 k0 BceM cuerunkaM (add-one):
C(w:: n—l—l) T 1

1
C(wz n—l—l) T V

A

p(w¢’w§:7£+1) =

* Wmm HacTpouTh napametp k (add-k):

. C(wz n—l—l) + kK
C(w n—l—l) T Vk




Ortkar (Katz backott)

IIpoodiema:

* XoTeaoch Obl UCIIOJIL30BATh 00JIEE JIIMHHBIC N-T'PAMMBI, HO
JTAHHBIX OBIBAET HEIOCTATOYHO

Nnesn:

* Hauare ¢ JNIMHHBIX, “OTKATUTHCS Ha KOPOTKHE:

(wzlw 711—|—1> if c(w; n—|—1) >0

1—1

~1
w;|w?
Plwilwini) = a(w,— ) 1) plwilw! =} ), otherwise

n+1

rie p W ( BbLIOPAHBI U3 YCIOBHS HOPMHUPOBKH.



NUurepnoasuus (Interpolation smoothing)

Nnen:

* (CMecCh HECKOIBKMX N-TPaMMHBIX MOJICJICH JIJIS Pa3HBIX N

* Hanpumep, a1 TpurpaMMHOM MOJIEIIH:

plwi|w;—2w;—1) = Ay (w;|wi—ow;—1) + Aa(wi|w;—1) + Az(w;)
MFA+A3=1

* Beca onTUMHU3UPYIOTCS Ha OTJIOKEHHOM BBIOOPKE

* MoryT TOX€ 3aBUCETh OT KOHTEKCTA



JIluckonTupoBanue (Absolute discounting)

Nnesn:
* (CpaBHHUM CUETUYUKH 11 OMTrpaMM Ha OOyYECHUU U KOHTPOJIE
IxcnepumeHT (Church and Gale, 1991):

* Brrunranue 0.75 U3 cyeTynka Ha OOyYECHUH JAET OYCHB
XOPOIIYIO OIIEHKY CUETUYMKA HA KOHTpOJIe!

Train bigram count | Test bigram count
2 1.25
3 2.24
4 3.23
5 4.21
6 5.23
7 6.21
8 7.21

https://web.stanford.edu/~jurafsky/slp3/4.pdf



JIluckonTupoBanue (Absolute discounting)
Nnen:

* (CpaBHHUM CUETUYUKH 11 OMTrpaMM Ha OOyYECHUU U KOHTPOJIE
IxcnepumeHT (Church and Gale, 1991):

* Brrunranue 0.75 U3 cyeTynka Ha OOyYECHUH JAET OYCHB
XOPOIIYIO OIIEHKY CUETUYMKA HA KOHTpOJIe!

sws |, 1) — CWimwi) = d
p(wz‘ 7,—1) Zxc(wz‘_lx) I)\( z—l)p( z)




CraaxxuBanue Kneccepa-Hes (Kneser-Ney)

Nnesn:
* YHUIPaMMHOE pacnpeaciICHUe rOBOPUT O YaCTOTE CIIOB
* A HaM HYXHO pa3HOO0Opa3ne KOHTEKCTOB JJISl CIOBA

A

p(w) o< |z : c(xw) > 0

malt
This is the ...
Kong

* Bo3Mo0xHO, HanOoiee NoIyJIsIpHas TEXHUKA CIIIaKUBaHUS

https://web.stanford.edu/~jurafsky/slp3/4.pdf



HenpocereBbie A3bIKOBbIC MO/ACIH



IIpokJjsiTHE pa3MepHOCTH

[Ipenmnosnoxum, MOJIETb BUEIA MHOTO Pa3 NPEAI0XKEHUE:
* Have a good day.

Ho Hu pa3y He BUAea Ipyroe npeajioKeHue:
* Have a day.

Yto Torma nporu30uAeT (HaKe CO CIIaKMBaHUEM )?

42 V]
good N

127




Pacnpeae/ieHHbIE NIPeACTABJICHUSA CJIOB

* BrIpazuM BEpOSATHOCTH IPEIJIOKESHUN Uyepes
«pacnpeaeieHHbIC» MPEICTABICHUS ¢108 (distributed
word representations) n 0yieM o0ydaTb HapaMeTphl

good

dog

C|V|><m

m

i

— MaTpula IpEeACTaBICHUHN CIIOB



HenpocereBasi BEepOSATHOCTHAS A3bIKOBAasI MOJEJIb

v — th output: p(w; = v|context)

softmax
[ X J [ X X J )
AN
\
\
\
\
\
1
tanh i
® 0 ) "
/
/7
/
/
//
Cwi—2) .- C(wi-1)
®) (e e ®)

. ~.. Matrix C i

index for W;—n4+1 index for w;_o index for w;—1

Yoshua Bengio, Réjean Ducharme, Pascal Vincent, Christian Jauvin, A Neural Probabilistic
Language Model, JIMLR, 2003



HenpocereBasi BEpOATHOCTHAS SA3LIKOBAasi MOAEJIb

_ exp (y’wz)
p(wi’wi—n—I—la---wi—l) — Z exp (y )
w

wevV

y=>b+ Wz + U tanh(d + Hx)

= [C(Wi—ni1),.. . Clw;_1)]"



HenpocereBasi BEpOATHOCTHAS SA3LIKOBAasi MOAEJIb

exp (Yu, ) Softmax no

> exp (yy) Komnonenmamy
weV

p(w’i’w’i—n—|—1, .« . wi—l) —

y=>b+ Wz + U tanh(d + Hx)

= [C(Wi—ni1),.. . Clw;_1)]"



HenpocereBasi BEpOATHOCTHAS SA3LIKOBAasi MOAEJIb

exp (Yuw, ) Softmax no

> exp (yw) Komnonenmamy
weV

p(w’i’w’i—n—|—1, .« . w’l:—l) —

y=>b+Wzx+ Utanh(d 4 H:I:) Heuponansa cemo,

MHO20 napamempoe

= [C(Wi—ni1),.. . Clw;_1)]"



HeipocereBasi BEepOATHOCTHAS A3bIKOBAasI MOJEJIb

exp (Yu, ) Softmax no

p(w’i’w’i—n—|—1, .« . w’l:—l) —

wevV

y=>b+ Wz + U tanh(d + Hx)

= [C(Wi—ni1),.. . Clw;_1)]"

> exp (yy) Komnonenmamy

Heuponnas cemop,
MHO20 napamempos

Ilpeocmaenenusn
C/108-KOHMEKCM o8



HeipocereBasi BEepOATHOCTHAS A3bIKOBAasI MOJEJIb

exp (Yuw, ) Softmax no

> exp (yw) Komnonenmamy
weV

p(w’i’w’i—n—|—1, .« . ’U]i_l) —

y=>b+Wzx+ Utanh(d 4 H:I:) Heuponnasn cemo,

MHO20 napamempoe

Ilpeo
= O Ol e

Dynukuus nomepv: Kpocc-aHmponus (J102-npagoonooooue)



CAMIIKOM MHOI'0 MapaMeTpoB...

y=>b+ Wz + Utanh(d + Hx)

V]

V]

m* (n—1)

C(wi—n—|—1

C’(wi_l)T

)T



Jlor-onnHerHasn si3bikoBasst mojae/ib (LBL)

* Jopas3no MEHbIIIE MapaMeTPOB U HETUHEWHOCTEN

* H3mepseT 0I1M30CTh MEXKAY CIOBOM U KOHTEKCTOM:

exp(r! Tw, + bw,)
> exp(rfry + by)

p(wi‘wi—n—|—1, e w’i—l) —

weV
[IpencraBieHHE CIIOBA: [TpeacraBieHre KOHTEKCTA:
n_
T N T
rw, = C(w;) r = g Wi C(w;_)

Andriy Mnih and Geoffrey Hinton. 2007. Three new graphical models for statistical language modelling.
In Proceedings of the 24th international conference on Machine learning (ICML '07)



Uepapxuyeckuu copTmMakc

KaxaoMy CIIOBY MOKHO COMIOCTaBUTh OMHAPHBIN KO/

* 0-*“BeBoe noauepeBo’”’, 1 - “B mpaBoe NOAIEPEBO”

zebra  dog cat
01 10 11

horse COW
000 001



Uepapxuyeckuu copTmMakc

Hamipumep, xox ciosa zebra sto d = (0, 1)

zebra  dog cat
01 10 11

horse COW
000 001



Uepapxuueckum copTMaKc

BripazuM BEpOATHOCTH CJIOBA KaK MPOU3BEICHUE OMHAPHBIX

BGpOHTHOCTCfI BIOJIb ITYTH OT KOPHA 4O BCPIIWHBI:
_ n—1y __ d. n—1
p(wy = wiwy ") = | | p(dijwy ™)
()

HopmupoBka?



Uepapxuyeckuu copTmMakc

0708 0.1

070809
T 07-02

03 - 0.4

03 - 0.6

horse COW
000 001



Uepapxuyeckuu copTmMakc

0708+ 0.1
07-08-009
T 07-02
03 - 0.4
03 - 0.6

horse COW
000 001



Uepapxuyeckuu copTmMakc

0.7-0.8
0702
T 03-04
03 - 0.6

horse COW
000 001



Uepapxuyeckuu copTmMakc

0.7 -0.8
0.7-02
T 03-04
03 - 0.6

horse COW
000 001



Uepapxuyeckuu copTmMakc

0.7
0304
T 03-0.6

horse COW
000 001



Uepapxuyeckuu copTmMakc

0.7
0304
T 03-06

horse COW
000 001



Uepapxuyeckuu copTmMakc

0.7

0.3
+

horse COW
000 001



Uepapxuyeckuu copTmMakc

0.7

0.3
+

horse COW
000 001



Uepapxuyeckuu copTmMakc

1.0

T Congratulations!

horse COW
000 001



Uepapxuyeckas jJor-onsanHennasa moaeiab (HLBL)

 LBL, HO BMecTO copTMaKca — HE€papXHUUECCKUM COPTMAKC

* BeposTHOCTH OMHAPHBIX PENICHUN BAOJIb ITYTH JEPEBaA OT
KOpPHS JI0 BEPIIUHBI CJI0BA:

p(wn, = wlwi ™) =] [ p(di|wi™")

Kak cTtpouts aepeBo (cOanaHCUPOBAaHHOE WM CEMaHTUYECKOE?)
* Hcrosnb3ys rOTOBYHO OHTOJIOTHO
* Hcnonb3ys KIIaCTEpU3AMIO JAaHHBIX
* JlepeBo Xaddmana

* Cny4anHoe

Andriy Mnih and Geoffrey Hinton. A Scalable Hierarchical Distributed Language Model.



