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Copgep>xaHue nekuuu IIiTMO

MeTog "cTonka kuur'.

MeTog ckonb3swero cnosapst LZ-77.

Anroputm LZ-78 =~ LZW;

Mpeackasanne no yactnyHomy cosnagennto (PPM);

Mpeobpazosanue bappoysa-Yunnepa;

ok e

HelipoceTesoe mogenupoeaHume MCToUHUKa U apudpMeTNUECKOE KOOMPOBAHME



Metopg "cTtonka kHur”

» Mycts X ={0,1,..., M — 1} — ancpaBnT UCTOYHMKA, Ha BbIXOAE KOTOPOroO
HabtogaeTCA NOCNEA0BATENBHOCTD X1, X2, ...

» [lpeanonaraem, 4To nepBoii bykee npeflecTsyoT BCe bykBbl andpasuTa.

1. VInTepBanbHoe kognpoBaHume.
> Bwmecto bykBbl X, nepepaércs konm4ecTso OykB (gmHa uHTepBana) r, Mexay
TEKYLLUM 1 NpefblayLLNM MNOSIBAEHNEM LAaHHOW DyKBbI.
» Tpumep. abc|cabbbabbac — 0,3,3,0,0,3,1,0,2,9.
2. "Cronka kur'12,
> BwmecTto DykBbl X, NEPenaéTcs KONMHECTBO Pa3/IndHbIX DYKB d, MEXAY TEKYLUM 1
NPeAbIAYLLMM MOSIBJIEHNEM [AaHHON OYKBbI.
» [Mpumep. abc|cabbbabbac — 0,2,2,0,0,1,1,0,1,2.
> [pumep. chalcabbbabbac — 2,1,2,0,0,1,1,0,1,2.
1Pabko B.91., CxaTue undbopmauyun ¢ nomouwbio ctonku kxur // Mpobnemsr nepesaqn
uHcpopmauuu, 1980.
2).Bentley et al., A locally adaptive data compression scheme, 22nd Alteron Conference on
Communication Control and Computing, 1984.




Metop, "cTonka KHur".

Mpumep.

» IF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CAN

» B ASCII npoben ato 32, a byksam A,...,Z cootseTcTBytOT Yncna 65...90.

» Pesynbrat: ...zyx..ZYX...BA... ...|74, 72, 35, 88, 73, 3, 72, 71, 80, 1, 81, 86, 6,
76, 4, 3, 6, 86, 3, 10, 10, 3, 3,6, 87,83,9,6,6,7,3,8,81,9,9,9,9,7, 2,5, 3,
10, 8, 3, 10, 10, 3, 13, 6, 13.

» [lpumenum k {d;} MOHOTOHHBLINA KOA:

111..0 bin(n — 2llog2nly
—— -—

unar ([logy n] +1)  |log, n| 6um

mon(n) —

mon(21) — 11110 70101 .
——

» [Monyyum 332 buTa.



onb3swero cnosapsi (LZ-77)

» Kogep LZ-77° xpauuT B namsatu ckonb3swmii cnosapb, obvémom W (nocneanne
W byks).
> [locre KOANPOBAHNS CUMBOJIOB X1, ..., Xn—1 KOGEP WLLET B CNOBAPE KaK MOXKHO
bonee ONMHHYIO NOCNE[OBATENBHOCTb (CNOBO) U3 HOBbIX BYKB Xp, ..., Xp /-
» Ecaun He Hawnock, To aekopepy nepepaércs 0|bin(x,).
» Ecan nawnock, To gekopepy nepepaércs 1|bin(d)|vic(/), rae
P> d — paccTosiHne OT Tekyuwieli no3numm A0 Ha4Yana HallfeHHOro B C/OBape C/I0Ba.
Kogupyetcsi pagHoMepHbIM kogoM anuHbl [log W,
» | — pnuHa HaligeHHoro cnosa. KoanpyeTcs HepaBHOMEPHBIM KOAOM, Hanpumep,
YHapHbIM.

3J. Ziv, A. Lempel, Compression of individual sequnces via variable rate coding, IEEE Transactions
on Information Theory, 1977.



MeTop ckonb3suiero cnosaps (LZ-77).

Mpumep, korpa vic(x) = mon(x).

War | @nar | (x1,....,x,) | W | d | | | Koga Butbl
0 0 I 0 | -|0]0bin(l) 9
1 0 F 1 |-]0|0bin(F) | 9
2 0 B 2 | - |0]0bin( ) 9
3 0 w 3 |- 101 0bin(W) 9
4 0 E 4 | - | 0] 0bin(E) 9
5 1 B 512(1]10100 5
6 0 C 6 | - | 0] 0bin(C) 9
7 0 A 7 [-|0[0bin(A) | 9
8 0 N 8 | - | 0] 0bin(N) 9
9 1 N 9 | 01100000 6
10 0 0] 10 | - | 0| 0 bin(O) 9
11 0 T 11 |- 0] 0bin(T) | 9
12 1 _ 12 | 6 |1 |101100 6
13 0 D 13 | - | 0| 0 bin(D) 9
14 1 0] 14 | 31100110 6
15 1 B 15 |2 |1|100100 6




MeTop ckonb3suiero cnosaps (LZ-77).

Mpumep, korpa vic(x) = mon(x).

LWar | @nar | (x1,...,%,) W\ d | I | Kog Butbl
16 1 A 16 | 8 | 1| 1010000 7
17 0 |S 17 | - [0 0bin(S) 9
18 1 ~WE_ 18 | 15 | 4 | 1 01111 11000 11
19 1 W 22 2 1| 1000100 7
20 1 0 23 | 8 | 1| 1010000 7
21 0 |U 24 | - | 0] 0bin(V) 9
22 0 L 25 | - | 0| 0bin(L) 9
23 1 D 26 | 12| 1| 1011000 7
24 1 | _WE_ 27 | 8 | 4 | 101000 11000 11
25 1 S 31 |13 | 1| 1011010 7
26 0 |H 32 - [0 0bin(H) 9
27 1 OULD _ 331 9 |5 | 1001001 11001 12
28 1 DO _AS WE_ | 38|24 |9 | 1011000 1110001 14
29 1 CAN 47 | 40 | 3 | 1101000 101 10

Bcero 6urT: 257




MeTopa, ckonb3siwero cnosaps (LZ-77).

Moaundukauunn.

» lcnonb3osats kog Xadbdmara nnu apudmeTnyeckoe koguposanme ans vic(x).
» Orpannuntbe makcumansHoe /, W = 2% nns bonee yaobroii oprannsauun
namatu®.

> XpaHeHue CNoBaps B BUAE APEBOBUAHON CTPYKTYpbI®.

4LZFG
®E Fiala, Data compression with finite windows. Communication of the ACM, 1989.



Anroputm (LZW)

» Ha nepsom ware kogep LZW® dopmupyeT cnosapb U3 esc-cumeona, KoTophiii
nomMeLaetcs B s4veiky ¢ Homepom i = 0, obbém cnoeapa C < 1.

> Ha nocnegyowmx warax Kogep WWET caMoe LJIMHHOE C/IOBO B CIOBape,
COBMafjaroLlee C Ha4Ya oM Noasexallel KOAMPOBaHNIO NOCIEL0BaATEIbHOCTY

Xns ooy Xnt1-
» Ecnn He Hawnock, TO Aekoaepy nepepa&grcs 00..0 |bin(xp).
[log(C —1)]
» Ecnu Hawnock, TO
> nekogepy nepegaérca  bin(i),  rpe i — HOMep HaliA€HHOrO CNOBa.
N——
[log(C —1)]

> CNnoBapb AOMNOJIHAETCA HOBbIM CJIOBOM, KOTOPOE NONy4HaeTCa AONNCbIBAHNEM K C/OBY C
HOMepoMm i BykBbl Xpy/41, C < C + 1.
» [lekopep cMoxeT f0baBUTL Xpi/+1 TOMbKO Ha crnegytowem ware. MNostomy koaep He
MCNONb3YET NOCAEAHEE C/OBO COBapS.
©J. Ziv, A. Lempel, Compression of individual sequences via variable-rate coding, IEEE Transactions
on Information Theory, 1980.




Cnosapb | i Kop Butel
0 esc - -
1 I 0 bln( ) 0+8=8
2 0 bin(F) log(1)+8=38
3 B 0 Obin(_) [log(2)] +
4 W 0 | 00bin(W) | [log(3)] +8=10
5 E 0 00bin(E) [log(4)] +8 =10
6 e 3 011 3
7 C 0 000bin(C) 3+8=11
8 A 0 | 000bin(A) 3+8=11
9 N 0 | 000bin(N) 3+8=11
10 NO 0 44-8=12
11 0 0 | 0000bin(O) 448=12
12 T 0 | 0000bin(T) 448=12
13 D |3 0011 4
14 D 0 | 0000bin(D) 448=12
15 0 _ 11 1011 4




War | Cnosapb | i Kop BuTesl
16 A 3 0011 4
17 AS 8 1000 4
18 S 0 | 00000bin(S) 5+8
19 R 3 00011 5
20 WE 4 00100 5
21 E_ 5 00101 5
22 WO 19 10011 5
23 ou 11 01011 5
24 U 0 | 00000bin(U) | 5+8=13
25 L 0 | 00000bin(L) | 5+8=13
26 D _ 14 01110 5
27 _WE 19 10011 5
28 E S 21 10101 5
29 SH 18 10010 5




War | Cnosapb | i Kog, BuTesl
30 H 0 | 00000bin(H) | 5+8=13
31 OuL 23 10111 5
32 LD 25 11001 5
33 D D 26 11010 5
4 DO 14 001110 6
35 O A 15 001111 6
36 AS 17 010001 6
37 _WE_ | 27 011011 6
38 _CA 6 000110 6
39 AN 8 001000 6
40 N 9 001001 6

Bcero 6ur: 291




[
OueHka u3bbITouHOCTM anroputmos LZ-77 u LZW IIITMO

» W3bbiTounocte LZ-77 ¢ yeenunyennem W onpenensietcs Kak:

log log W
log W

» N3bbiTouHocts LZW ¢ yeenuuennem C onpeaensieTcst Kak:

log log C
log C



KonTekcTHoe aganTtuBHoe apudMeTU4ecKoe KoaupoBaHue. °
OcHoBHas naes. III I Mo

» Ecnn pacnpegenenne sepostHocTeli Buga p(xe+1|x1, ..., X¢) BOSMOXHO OLEHUTL C
OOCTAaTOYHOI TOYHOCTLIO, TO apudMETUUECKNA KOAEP MOXKET MCMOAL30BAThL 3TU
BEPOATHOCTN ANSt JOCTUXKEHUS MAKCUMAJIbHOrO CKaTUsi, T.€., CPEAHION0 AANHY
KogoBOro cioBa, bauskyto k H(X|X>).

> Kax[oe yC/0BME COOTBETCTBYET NCTOUHUKY Be3 NaMsaTu, K KOTOPOMY MOXET BbiThb
NPUMEHEHO YHUBEPCANbHOE KOAMPOBaHME.

» 36bITOYHOCTD aAanTUBHOrO KOAMPOBaHNSA NPUBANIKAETCS K HYO C POCTOM
OJIVHBI KOGUPYEMOIA NoCNeAoBaTENBHOCTU. [103TOMY B KaXKAblli KOHTEKCT AOJKHO
nonacTb JOCTaTOYHOE KOJINYECTBO CUMBOJIOB, T.€., KOHTEKCTOB HE JOJKHO ObITh
C/IMLIKOM MHOFO.

P> DpeKTMBHOCTL TaKOro KOAUPOBAHUS CUJIBHO 3aBUCUT OT METOAA OLEHKM
BEPOSITHOCTEIA.



MpeackazaHne No 4acTUYHOMY COBMAAEHUIO.

OcHoBHas nges.

__ b
Onpepenenne. Crpoka s = x;_,. ; Anunbl d < D, npepwecTsyrowas Xq11, sBasercs
KOHTEKCTOM AJ1Sl X¢11, €CJIN S Y>KE NOSIBASANOCH B xf’l.

Mpumep. THE CAT IN_THE CAR_ATE THE RAT

t ‘ bykea ‘ KOHTEKCT
16| A | THE_C

27| R | THE_



Prediction by Partial Matching (PPM).

[
OcHoBHble 3Tanbl KOAUPOBAHMA CUMBOJIA Xpi1- III I Mo

t

1. BbinonHsieTca nonck KoHTekcTa § = Xi gi

npeebiwatowein D.

1 Hanbornbleil gnnHbl d, He

2. ﬂ,ﬂﬂ BCEX BO3MOXHbIX 3HA4YeHUA CMMBOAA Xt4+1 BbIHNCAAKTCA OUEHKN YC/OBHbIX
BepOﬂTHOCTEM CMMBOJIA NPN N3BECTHOM KOHTEKCTE S.

3. 3HayeHne CUMBONA X;11 KOGUPYETCS apUPMETUYECKUM KOAOM B COOTBETCTBUN C
BbIHUCJIEHHOI YCIOBHOW BEPOSITHOCTbLIO.



Prediction by (PPM).

OcHoBHbIe 3Tanbl KOAnpoBaHNA CUMBOJIA X¢1-

» D — napameTp ajnroputuma.

> BeposiTHOCTL TOTO, 4YTO CUMBOJ X;11 = @ NOC/E KOHTEKCTA § = X/ . | MOXeET
BbITh OLEHEHA KaK
Tt(s, a)
7¢(s)
» Ecnmu bykBa ANt [AHHOrO KOHTEKCTa He BCTpedanack, T.e. 7¢(s,a) = 0, To
apudMETNYECKNIA KOAEP HE CMOXET ncnonb3osath Pr(als) = 0. Moatomy

pi(als) =

NCNOoNb3yeTCA €sC-CUMBOJ.

» Ecnm pe(als) = 0, To nepenaércst esc-CUMBON U KOHTEKCT YKOPa4MBAETCS HA OAHY
bykay.



Prediction by Partial Matching (PPM).

OcHoBHbIe 3Tanbl KOAnpoBaHNA CUMBOJIA X¢1-

P T e
w N = O

14:
15:

O 00 N O O B W N -

Haxogum Hambonbluee d Takoe, 4TO ﬁt(xf_dH) >0,d<D.
Buibupaem KoHTEKCT § <— X/ . ;.
while p;(x:11|s) = 0 do
Kogupyem esc 8 cootetcTBun ¢ p(escls).
VMeHblIaeM ANUHY KoHTekcTa: d <— d — 1,8 < x
end while
if d > 0 then
Kognpyem x;y1 B cootBeTcTBuM C Pr(x|S).
else
if p+(x) > 0 then
Kogupyem x:11 B cooTsercTBun C Pr(x)
else
Mepeaaém esc n KOANPYEM X;i1 B COOTBETCTBNMN C PABHOMEPHbLIM
pacrpefeseHnem Ha He BCTPEYaBLUNXCS B X{ DBykeax.
end if
end if

t
t—d+1"



Prediction by Partial Matching (PPM).

OueHkn BeposTHOoCcTel anroputmamu A u D.

Anroputm A:
plal#) = T plescl) = @) >0
pe(als) = TES’j)l- pulescls) = g mi(s.a) > 0
Anroputm D:
ptais) = TED U2 pescls) - 1) sa) 20

rae Mi(s) — yncno pasnnynbix BykB, NOSIBUBLUMXCS B NOCAE€A0BATENBHOCTN OMHbI t
BCJIe[, 32 KOHTEKCTOM S.



Prediction by Partial Matching (PPM).

MpuHuun "ucknroyennii” (exclusions).

» [yctb s = (S4, ..., S1) — KOHTEKCT AunHbl d.

» Ecnmn p(x¢t+1]s) = 0, To nepepaércs esc-cumson.

» [locne nonyyeHns esc [eKofep BCE €lUe HE 3HAET Xy11, HO OH 3HAET, KaKMe
CUMBOJIbI HE MOTYT ObITh Ha 3TOI MO3MUMN. DTO CUMBOJIbI, KOTOPbIE CNEAOBAN 33
KOHTEKCTOM §, KOrA4a OH NOSIBASNCS paHee. ITO 3HAHWE NO3BONSET YTOHHATb
BeposITHOCTb P(X¢+1]8") = (Sg—1, .-+, S1)-

» Chncok MCKAIOHaeMbIX CUMBOJIOB PacTéT, EC/IM €SC CHOBA NepenaéTcs.

> llckntoyeHmne HEKOTOPbIX CUMBOJIOB YBENMYNBAET OLEHKY BEPOSTHOCTY IS
OCTaBLUMXCS CUMBOJIOB, T.€., YBEINYMBAET OKATME.

Mpumep.
P> PaccMoTprmM KOHTEKCT § ="kop" 3a KOTOpbIM cnepyeT 6ykea "T”', npuyem "kopT" paHee He BCTpPeHanoCh.
[Mpy 3TOM NpegnosoXnM, 4TO paHee nocne s Bcrpedanncs 'a’ n "¢’
> Tlepepaém esc n yKopadnBaem KOHTEKCT fo s ="op’.

> Torpa 7/(op)=7t(op)-7¢(opa)-7¢(opc).



Prediction by Partial Matching (PPM).

OueHkn BepoATHOCTEN C YHEeTOM UCKJIHOYEHUA.

Anroputm A:
A Tt(sv a)
als) = ;
P = e )
1
pr(escls) = ,Te(s,a) >0

7e(s) —7¢(s) +1

roe 7t(s) u (s, a) — ymcno cTpok s n (S, a), COOTBETCTBEHHO, KOTOPbIE COAEPXKATCS B
x{, 77(8) — 4mncno Byke, KOTOpbIE HE MOrYT CNEAOBATH 32 S.

Ecan 7¢(s,a) = 0, Ho 7¢(s’,a) > 0, To
1
Tt(s) — 7/ (s) + 1)

pr(als) = ( pe(als’)

roe s Ha oaHy BykBy Kopoue S.



Prediction by Partial Matching (PPM).

Mpumep PPMA, D =5.

Llar | byksa | Koutekct | 7t(s) | p:(escls) pt(x|s)
1 | # 0 1 1/256
2 F # 1 1/2 1/255
3 - # 2 1/3 1/254
g W | # 3 /4 1/253
5 E # 7 /5 1/252
6 _ # 5 176
7 C B 16 | 1/2x1/6' | 1/251
8 A # 7 1/8 1/250
9 N # 8 1/9 1/249
10 N # 9 1710
11 0 N 1,10 | 1/2x1/9° | 1/248
12 T # 11 1/12 1/247
13 _ # 12 2/13
14 D - 2,13 | 1/3x1/12 | 1/246
15 0 # 14 1/15
16 _ 0 115 | 1/2 3/15'
17 A _ 316 | 1/4 1714’
18 A 1,17 | 1/2x1/16' | 1/245
19 ~ 18 4/19




Prediction by Partial Matching (PPM).

Mpumep PPMA, D =

Lar | Byksa | Koutekct | T¢(s) pt(esc|s) pe(x|s)
20 W g 1/5
21 E W 1 1/2
22 — | WE I /2
23 W “WE | 1,115 I/2x1'x1’ 2/5
24 0 W 2,2,23 1/3x1 222
25 U 0 2,24 1/3x1/18’ 1/244
26 L # 25 1/26 1/243
27 D # 26 1/27
28 _ D 1,27 172 6/25’
29 W | 6 3/7
30 E W 3 2/4
31 — | WE 2 2/3
32 S “WE 222731 | 1/3x1'x1'x1/3 | 1/23
33 H S 132 1/2x1/25 1/242
34 0 # 33 3/34
35 U 0 3 174
36 L ou 1 1/2
37 D OuUL 1 1/2
38 B OULD 1 1/2
39 D OULD _ | 1,1,1,1,8 | 1/2x1'x1'x1' /&




Prediction by Partial Matching (PPM).

Mpumep PPMA, D =5.

Lar | Bykea | Kontekct | T¢(s) 7 | pt(escls) | pt(x]s)
40 0 | D 1 172
a1 ~ | _DO 1 i/2
42 A “DO_ 1 1/2
43 S DO A |1 1/2
44 ~ DO AS |1 1/2
45 W | O AS_ | 1 /2
46 E “AS W | 1 12
47 ~ | AS WE |1 /2
48 C |S WE |13 /2 /3
49 A | WE C |1 1/2
50 N WE CA 1 1/2

Bcero 6ut = 250 6ut (232 6ut ans PPMD).

77}(5) — 4NCNO MOSIBIEHNA KOHTEKCTA Ha MpeAbiAyLW X warax



AddektusHocts PPMA ot D

6 — bib
book1
—— book2
— geo
—— news
—— obj1
4 obj2
paperl
paper2
pic
—— progc
progl
— bprogp
—— trans
—— CpefHee

BUT Ha cumBon

8

o
N
S
=}

> Ha npaKTmKe8 poctatoqro 1 < D <5,

8 Nanneie nonyuensl Cepreem Kosenbko, 2021,



Mpeobpa3zosanue bappoysa-Yunnepa (Burrows-Wheeler).

OcHoBHas nges.

I_IyCTb X — NOCNeENOBATENbHOCTb HaA BbIXo4E VICTO‘-IHVIKag.

1. Bce umkanyeckne cABUAr NOCAELOBAaTENLHOCTI X COPTUPYHOTCS B aidhaBUuTHOM
nopsinke u copmupytoT Tabauuy.
2. PesynbtaToM Takoro npeobpazoBaHus SBASIOTCA:

» TocnegHuii ctonbey Tabnnubl.
» Homep cTpoku, KOTOpasi COOTBETCTBYET UCXOLHON NOCNEA0BATENBHOCTU.

®M.Burrows, D. Wheeler, A block-sorting lossless data compression algorithm, Report 124, Digital
Systems Research Center, 1994



Mpsimoe npeobpasosaHue Bappoysa-VYunnepa.

Mpumep.

NIF WE CANNOT DO AS WE WOULD WE SHOULD DO AS WE C
NNOT DO AS WE WOULD WE SHOULD DO AS WE CANIF WE C
S WE CANIF_WE CANNOT DO AS WE WOULD WE SHOULD DO
S_WE_WOULD WE SHOULD DO _AS WE_ CANIF_WE_ CANNOT_ DO
ANIF ' WE CANNOT DO AS WE WOULD WE SHOULD DO AS WE
ANNOT DO AS WE WOULD WE SHOULD DO AS WE CANIF WE
O AS WE CANIF_WE CANNOT DO AS WE WOULD WE SHOULD
O AS_WE WOULD WE SHOULD DO AS WE CANIF_WE CANNOT
DO AS WE CANIF WE CANNOT DO AS WE WOULD WE SHOU
WE SHOULD DO AS WE CANIF_WE CANNOT DO AS WE WOU
CANIF_WE_CANNOT_DO_AS WE_WOULD WE SHOULD DO _AS
CANNOT DO AS WE WOULD WE SHOULD DO AS WE CANIF
SHOULD DO AS WE CANIF WE CANNOT DO AS WE WOULD
~“WOULD WE SHOULD DO AS WE CANIF_WE CANNOT DO AS
“WE_CANNOT_DO_AS WE_ WOULD WE SHOULD DO _AS WE CAN
OULD DO AS WE CANIF WE CANNOT DO AS WE WOULD WE
F_WE CANNOT DO AS WE WOULD WE SHOULD DO AS WE CA
D DO _AS WE CANIF_WE CANNOT_ DO AS WE WOULD WE_SHO
D WE SHOULD DO AS WE CANIF WE CANNOT DO AS WE WO
IF WE CANNOT DO AS WE WOULD WE SHOULD DO AS WE C
NOT DO AS WE WOULD WE SHOULD DO AS WE CANIF_WE C
OT DO _AS WE_ WOULD WE SHOULD DO AS WE CANIF_WE CA
T DO AS WE WOULD WE SHOULD DO AS WE CANIF WE CAN
ULD DO AS WE CANIF WE CANNOT DO AS WE WOULD WE S
ULD WE_SHOULD DO_AS WE CANIF_WE CANNOT DO AS WE

N OO &W N O

._.
=
O|0|0| Z2|Z| Z|r|r|—| | 7| m|m| m| m| O| 0| 0| O| A O >| 3> >| >

slx| 2| Z|p| >l c|c|lZ| v 7 S| S| S| S| |




Mpsimoe npeobpasosaHue Bappoysa-VYunnepa.

AS WE CANIF WE CANNOT DO AS WE WOULD WE SHOULD

AS WE WOULD WE SHOULD DO AS WE CANIF WE CANNOT

0|0

HOULD DO AS WE CANIF_WE CANNOT DO AS WE WOULD WE

WE_CANIF_WE_CANNOT_DO_AS WE_ WOULD WE SHOULD DO

WE WOULD WE SHOULD DO AS WE CANIF WE CANNOT DO

DO AS WE WOULD WE SHOULD DO AS WE CANIF WE CANN

LD DO AS WE CANIF_WE CANNOT DO AS WE WOULD WE SH

LD WE SHOULD DO _AS WE CANIF_WE CANNOT DO _AS WE W

O|O| Q| »|>|

E CANIF WE CANNOT DO AS WE WOULD WE SHOULD DO AS

E CANNOT DO AS WE WOULD WE SHOULD DO AS WE CANIF

E SHOULD DO AS WE CANIF WE CANNOT DO AS WE WOULD

E_ WOULD WE SHOULD DO AS WE CANIF WE CANNOT DO AS

=EEEEEEELREEE

OULD WE SHOULD DO AS WE CANIF WE CANNOT DO AS WE

AS WE CANIF_WE CANNOT DO AS WE WOULD WE SHOULD D

AS_WE_WOULD WE SHOULD DO _ AS WE CANIF_WE_ CANNOT_D

CANIF_WE CANNOT DO AS WE WOULD WE SHOULD DO AsS W

CANNOT DO AS WE WOULD WE SHOULD DO AS WE CANIF W

DO AS WE CANIF WE CANNOT DO AS WE WOULD WE SHOUL

DO AS WE WOULD WE SHOULD DO AS WE CANIF_ WE CANNO

SHOULD DO AS WE CANIF WE CANNOT DO AS WE WOULD W

WE_CANIF_WE CANNOT DO AS WE WOULD WE SHOULD DO A

WE_CANNOT _DO_AS WE WOULD WE SHOULD DO _AS_ WE_CANI

WE SHOULD DO AS WE CANIF WE CANNOT DO AS WE WOUL

WE WOULD WE SHOULD DO AS WE CANIF WE CANNOT DO A

WOULD WE_SHOULD DO _AS WE_CANIF_WE_CANNOT DO _AS W

m| v O 7w/ m|-lo|mm o|O|




Mpsimoe npeobpasosaHue Bappoysa-VYunnepa.

Mpumep.

PezynbTaT npeobpazoeaHuns:

» [locneannii ctonbeu;
ccC LLWWWWISNUUAANNHWDD AAOOQO OOEEDTESFDSE

» Homep ctpoku = 16.
CeoiicTea npeobpaszosaHus:
» B pesynstate npeobpa3oBaHusi CUMBOJIbI CrPYNMMPOBANNCh TaK, YTO OHM CTaju
COZEepXKaTb CEPVUN OAMNHAKOBLIX CUMBOJIOB.

> O5T0 CBONCTBO MOXET BbITb UCMOABL30BAHO ONA YBEJINYEHNA CTENEHN CKaTUA.

» Heobxogumo nepegasaTe HOMEpP CTPOKN.



O6paTtHoe npeobpasosaHne Bappoysa-VYunnepa.

Obwasn nges.

> Haxogum nepebiii ctonbew Tabnnubl NyTéM COPTUMPOBKM nocineaHero ctonbua.

> BoccTaHaBnmBaem MCXOAHYHO CTPOKY CUMBOA 3@ CUMBOJIOM, C YHETOM TOrO, 4TO
CUMBOJY, HaXOLSLLEMYCA B MOCNEAHEM CTONDLE NpeALIecTByeT CUMBON B NEPBOM
ctonbue (n3-3a NEKCUKOrpachMyYECKOro ynopsiaoHnBaHuns).



OGpaTHoe npeobpazosaHne bappoysa-VYunnepa.

Mpumep.

t First | Last t First | Last t First | Last
0 A C 17 L U 34 W B
1 A C 18 L U 35 W B
2 A B 19 N A 36 W B
3 A _ 20 | N A 37 | W _
4 C B 21 N N 38 B [¢)
5 C B 22 [¢) N 39 B [¢)
6 D B 23 [¢) H 40 B E
7 D B 24 [¢) W 41 B E
8 D L 25 [¢) D 42 B D
9 D L 26 [¢] D 43 B T
10| E W [[27] S — 44 | E
11 E W 28 S A 45 B S
12 E W [[29] S A 46 | F
13| E W [[3 | T o) a7 | D
14 F I* 31 U [¢) 48 B S
15 H S 32 U [¢) 49 B E
16 | N 33 W B

> (N,16) — I, (1,14) — F, (F,46) — . MNpobenos muoro. Yto genats?
P> Tak kak Ha cTpoke 46 npoben agnsetcs 9-m No CUETY, NweM 9-10 CTPOKY € Npobenom B nocnefHem
cumeone, nonydaem (34,W),...



MpeobpazosaHue Bbappoysa-Yunnepa.

KopuposaHue nocnegHero cronbua "cTtonkom KHur".

> CC LLWWWWISNUUAANNHWDD AAOOO OOEEDTESFDSE

> bygem nucaTb €sC KaXAblii pa3, KOT4a NOSIBASIETCS HOBbIVE CUMBOJ 1 YMC/IO
Pa3/INUHbIX DYKB MEXAy MPembloyLwnM 1 TEKYLUUM MOSIBNEHNEM DYKBbI.

P [lonyuum: esc 0 esc 0000 0 esc 0 esc 0 0 0 esc esc esc esc 0 esc 02 0 esc 6
esc0950esc002000010esc04esc210esc423

» [lprmeHsieM HyMepauNOHHOE KOAMPOBAHME:

» KoauposaHune komnosuuuu: 35 6ur.
» KopauposaHue nocnegosatensHocTu: 94 buTa.

> [lepesada CMMBOMOB, COOTBETCTBYIOWMX esC: 8 X 15=120 buT.

> [lepepada nHAeKca MCXOAHONW CTpPOKM B npeobpasosaHnu: 6 6nT.

Wtoro: 255 6uT.



[J
C>kaTne Ha OCHOBe peKyppeHTHbIX HelpoHHbIX ceTeii (RNN) IIITMO

C nomowbto RNN MoxHo obpabaTbiBaTh nocnefoBaTeNbHOCTH AAHHBIX, HaNpuMep,
npeackasbiBaTb cneaytowmin cumeon no npeabigywmm. B RNN 4Tobbl xpanuTs
nHOpMaLMIO O NpefbIAYLLIMX TOKEHAX BBOAMTCS NoHsTUe ckpbiToro coctosiHus (hidden

state).
® ® ®
t ‘ t

1
A




C>kaTne Ha OCHOBe peKyppeHTHbIX HelpoHHbIX ceTeii (RNN) o

Ha kaxgom ware B ceTb noaatoTcst gaHuole (Hanpumep, smbeaanHr TOKeHa), Npn 3TOM
NponcxoanT oBHOBNEHWE CKPLITOrO COCTOSIHUSI:

ht = tanh(ht,1 W]_ + Xth)
ﬂaﬂee NO CKPbITOMY COCTOAHUIO NPEeACKA3bIBAETCA BbIXO,D'HOﬁ CUTrHan.
yt = h:Ws

B RNN owubku pacnpocTpaHstoTCs Ha MHOMO LIAroBs Ha3aj NocpeAcTBOM
backpropagation. B aTom npouecce npomcxoguT MHOrOKpaTHOE NEPEMHOXEHME
rPafUEHTOB, U €C/N CODCTBEHHbIE 3HAYEHNS MATPULbI BECOB HAa KaXKAOM Liare
npeebiwatoT 1, BesnYnHa rpagmeHTos byneT sKCNOHEHUNaNbHO YBEANYNBATLCA
(“B3pbiBaTLCA") MO MEpe BO3pPaCTaHUSA KONMYECTBA BPEMEHHbIX LIArOB.



CxaTtune Ha ocHose LSTM

N B
X n >
E&@nb>
A || leaet]]| A
AN )_’

Long short term memory (LSTM) apxutekTypa 4acTu4Ho pewaeT npobnembi
knaccndeckux RNN - BspbiBatownecs n 3atyxatowme rpaguentol. CneynanbHole
MEXaHN3Mbl - BEHTUAN (gates), NO3BONSIOT KOHTPOJINPOBATL KOJNYECTBO NPOXOASLLEN
yepes HUX MHopMaLMu.



CxaTune Ha ocHoBe LS o

Kpowme atoro, 8 LSTM nosisasietcs nonsitue coctosiiusi 6aoka (cell state). On
Mo3BO/ISIET MHPOPMALMN NIETKO MPOXOANTL HEPE3 MHOXECTBO DIOKOB.



CxaTue Ha ocHose LSTM o

fe=0Wg[hi—1,2¢] + by)

Forget gate no3BonsieT Ha OCHOBE MpeAbIAYLLEro CKPbITOFO COCTOSAHUS hy_1 N HOBOFO
BXO4A X; ONPEAeNnunTb, Kakyto [0S0 MHOPMALMM N3 COCTOSIHUA NpegblayLiero baoka
Ct_1 CTOWT NPONYCTUTb AajblUe, a KaKyto 3abbiThb.



CxaTtune Ha ocHose LSTM

iy = J(Wi'[h't—l7frt] + bz)
Cy =tanh(We-[hy 1, 24] + be)

Input gate nossonseT pewnTs Kakyo uHdopmaunio fobasuTs B cocTosiHue bioka oT
h:—1 n x;. Takum obpasom, coctosHne bnoka byaetr obHoBAEHO:

Ci_y 2 -
jIT iél é% Ot - fﬁ * Cf,fl + 7;,5 * ét



CxaTune Ha ocHoee LSTM IIiTMO
1

d@n> 0 = O'(WO [ht_l,xt} + b(,)

O @
o] N ht = o4 x tanh (Cy)

hi—1
Tt [

Output gate oTBeYaeT Ha BOMPOC O TOM, CKOJIbKO MHOPMALMK U3 C; CNeAyeT OTAABATh
Ha BbIxog u3 LSTM-6noka.




CxaTtune Ha ocHose LSTM

Pt =01ty ..ty =73, . 65) = 0.01
Text Token sequence Model Dt =1ty .ty =73, 65)=0.02 Compressed data

] Preprocessing |73 703287 693267657878 bty ..ty it =127ty ... 14 = 73, .. 65) = 0.003
R A ean 7984326879 .. 68 79 32 65 LSTM Ariimetic coder 01101001
- ! 83 32 87 69 32 67 65 78

T Repeat for all t;

1. LSTM wucnonb3ayercs aist BbIYNCIEHUS BEKTOPA BEPOSITHOCTEN ClAeLytOLEero
CUMBOJIA HAa OCHOBE MPEAbIaYLLMX.

2. JTOT BEKTOP NUCMONbL3YETCS LS KOANPOBAHNSA TEKYLLErO CUMBOJIA NMPM NOMOLLY
apudmMeTUYecKoro Kogepa.

3. Beca LSTM wmogenn obrosnsitotca (obyvatorcs) Ha ocHoBe yxxe obpaboTaHHbix
CUMBONOB (TOXE CaMO€E NMPOUCXOAUT Ha CTOPOHE AEKOAEPA).

4. B ntorosbiii daiin, KpOMe CKaTbIX JaHHbIX, B HA4al0 3aNnCbIBAETCS AJINHA
OpPUrMHANLHOW NOCAELOBATENLHOCTY U UCMOL3YEMbIA andasuT.

5. LSTM npeackasbieaet BCé iydwue no mMepe pocta vucna obpaboTaHHbix CUMBONOB.



CpaBHeHVe anropuTMoOB gns npumepa

Anroputm 3atpaTsl
(6u)
Bes cxatus 400
[eyxnpoxogHoe koguposatue, kog Xaddmana 302
HymepaunoHHoe koanpoBaHue 283
ApudpmeTnueckoe kognposaue, anroputm A 293
ApudmeTnyeckoe KoguposaHue, anroputm D 283
Lzr7 280
LzwW 291
PPMA 250
PPMD 232
Mpeobpazoeanune bappoysa-Yunnepa 255
n meTog "cTonka kHur”
MNpeobpasosanue Bappoysa-VYunnepa 235
N KOAWPOBAHME PACCTOAHUIA
Prediction-based modeling® 400
Prediction-based modeling 6e3 y4era header 232

10A single-layer LSTM

with 512 hidden units is used




Calgary corpus o

Size (bytes) | File name | Description

111,261 BIBTI ASCII text in UNIX "refer"format — 725 bibliographic references.

768,771 BOOK1 unformatted ASCII text — Thomas Hardy: Far from the Madding
Crowd.

610,856 BOOK?2 ASCIl text in UNIX "troff'format — Witten: Principles of
Computer Speech.

102,400 GEO 32 bit numbers in IBM floating point format — seismic data.

377,109 NEWS ASCII text — USENET batch file on a variety of topics.

21,504 OBJ1 VAX executable program — compilation of PROGP.

246,814 OBJ2 Macintosh executable program — "Knowledge Support System".

53,161 PAPER1 UNIX "troff'format — Witten, Neal, Cleary: Arithmetic Coding
for Data Compression.

82,199 PAPER2 UNIX "troff"format — Witten: Computer (in)security.

513,216 PIC 17282376 bitmap image (MSB first): text in French and line
diagrams.

39,611 PROGC Source code in C — UNIX compress v4.0.

71,646 PROGL Source code in Lisp — system software

49,379 PROGP Source code in Pascal — program to evaluate PPM compression.

93,695 TRANS ASCII and control characters — transcript of a terminal session.

"http://wuw.data- compression.info/Corpora/CalgaryCorpus/


http://www.data-compression.info/Corpora/CalgaryCorpus/

[ ]
CxxaTue gaHHbIX Ha OCHOBe DOMbLIbLIX A3LIKOBLIX Mogenei IIIMO

Raw Compression Rate (%) Adjusted Compression Rate (%)
Chunk Compressor enwik9 ImageNet LibriSpeech Random enwik9 ImageNet LibriSpeech Random
gzip 323 70.7 36.4 100.0 32.3 70.7 36.4 100.0
LZMA2 23.0 57.9 29.9 100.0 23.0 57.9 29.9 100.0
o0 PNG 429 58.5 322 100.0 42.9 58.5 322 100.0
FLAC 89.5 61.9 30.9 107.8 89.5 61.9 30.9 107.8
gzip 48.1 68.6 38.5 100.1 48.1 68.6 38.5 100.1
LZMA2 50.0 62.4 382 100.0 50.0 62.4 382 100.0
PNG 80.6 61.7 37.6 103.2 80.6 61.7 37.6 103.2
FLAC 88.9 60.9 30.3 107.2 88.9 60.9 30.3 107.2
2048 Transformer 200K 309 194.0 146.6 195.5 309 194.0 146.6 195.5
Transformer 800K 21.7 185.1 131.1 200.1 21.9 185.3 131.3 200.3
Transformer 3.2M 17.0 215.8 228.2 224.0 17.7 216.5 228.9 224.7
Llama 2 (7B) 8.9 534 23.1 103.2 1408.9 1453.4 1423.1 1503.2
Chinchilla 1B 11.3 62.2 249 108.8 211.3 262.2 224.9 308.8
Chinchilla 7B 10.2 54.7 23.6 101.6 1410.2 1454.7 1423.6 1501.6
Chinchilla 70B 8.3 48.0 21.0 100.8 14008.3 14048.0 14021.0  14100.8
12

12G. Deletang et al., Language Modeling Is Compression, International Conference on Learning
Representations, 2024.



OueHka 3HTPONUN aHIrIUICKOrO sA3blKa NMpU Nomowm OonbLINX °
A3bIKOBbIX Mopgeneit III I Mo

4, = Pr(Xi = jl=isy") Rank T Losseless N, bits

Tokens ..., oTi_ar, ..., Tie LLM . .
=M il computation | ______ Compression

Tokenizer

Input sentence s with N, characters

1. BxogHol TeKCT NpeACTaBiseTCs KakK BbIXOA UCTOYHMKA C andaBuToOM pasMepoM B
32000 cnoe (TOKEHOB) MEpPEMEHHOI A/MHBI.

2. BeposTHOCTb Ka)kgoro cnegyrowiero C/10Ba X; AJMHON B b; CUMBOJIOB OLEHMBAETCA
YCNI0BHast BEPOSITHOCTb P(Xi|Xi_p, ..., Xj—1) npu nomowysto LLaMA mogenn,
KOTOpas yumTeiBaeT npeasiaywue M cnos.

3. DHTPONMS OLEHMBAETCS Yepe3 OLEHKY YCIOBHO cobcTBeHHOR nHdopmaumy:

N

. 1
Jim Z log p(x;i|Xi—m, -, Xi—1)
1

0 == E(b)



OueHka 3HTpONUU aHINIACKOrO A3blKa NpyU Nomowmn BoabLInX

A3bIKOBbIX Mopgeneit

COMPRESSION PERFORMANCE OF THE LLM ON THE TEXTS DATASET, AS A FUNCTION OF ITS MEMORY (M)

M N, N, Hyp PLLaMA+zlib PLLaMA+TbyT | PLLaMA+AC
(bpc) file size (bits) (bpc) (bpc)
31 4,568,855 | 1,000,000 | 0.9139 1.3159 1.0425 0.9145
127 | 4,568,855 | 1,000,000 | 0.7511 1.1303 0.8847 0.752
255 | 4,568,855 | 1,000,000 | 0.7242 1.0985 0.859 0.725
511 | 4,568,855 [ 1,000,000 | 0.7093 1.0812 0.845 0.7101

Takum 0bpa3om, SHTONUA aHFNNACKOro sA3blka MOXET DbiTb oueHeHa Kak 0.71 6uT Ha

CVIMBOJ113.

13C. Valmeekam et al., LLMZip: Lossless Text Compression using Large Language Models, 2023




[J
CpasHeHue anroputmos ckatusa Ha Calgary corpus IIITMO

ApxusaTop Hactpoiiku | CxaTtuel®, Gaiit
Uncompressed 3,141,622
compress 1,272,772
Info-ZIP 2.32 -9 1,020,781
gzip 1.3.5 -9 1,017,624
bzip2 1.0.3 -9 828,347
7-zip 9.12b 848,687
ppmd Jrl -m256 -016 740,737
ppmonstr J 675,485
ZPAQ v7.15 | -method 5 659,709

1 Bce caiinbl CKUMAOTCH NO-OTAENBHOCTH




BapuaHTbl 3agaHnii

Ne | Anroputm MapameTpebl Bannbi

1 Koa Xadpmana JByxnpoxogHbIii 10

2 Koa Xaddpmana JByxnpoxogHblii, bi1okamu no 2 crMBona 15

3 Kog Xaddpmana ABYxXnpoxofHblii, C y4eTom npegbigylwero cum- | 15

BONA

4 HymepavuunoHHoe Ha ocHoBe apucmMeTnyeckoro KognpoeaHums 20
KOAMPOBaHME

5 ApndmeTndeckoe OueHka BeposiTHOCTN A 15
KOAMPOBaHME

6 ApucmeTnyeckoe OueHka BeposiTHOCTU D 15
KOAMPOBaHME

7 "Ctonka kHur’ KoanpoBaHne MOHOTOHHBIM KOAOM 10

8 | LZ77 vlc(x) — MOHOTOHHbIA KOg, 10

9 | LZ77 vic(x) — kop Xadbpmana 15

10 LZW 10

11 | PPMA 20

12 | PPMD 20

13 | Bappoysa- CxkaTune MeTogoM 'cTonky KHur” 20

Vunnepa




TpeboBaHus kK NnporpamMmme 1M oT4eTy

TpeboBaHusi k nporpamme:

1. HanucaTb kogep v aekogep, KOTopble paboTaloT Kak OTAENbHbLIE NPOrPaMMbl U 3aNyCKatOTCs C KOMaHAHOW
CTpOKHU:

2. B kad4ecTBe napameTpa Ha BxO4 kogepa nofdaércs ums oxkumaemoro daiina. Ha sbixoge nporpamma
BLIAAET halin co oKaTbiMU gaHHbIMN: encoder infile zipfile.

3. Ha Bxog aekogepa nogaércs daiin Co OKaTbIMU SAHHBIMU N UMSI BEKOANPOBAHHOMO haiina: decoder zipfile
decfile. Ha Bbixone pekopep Bbifaét paiin decfile, koTopblii naeHTYeH ucxogHomy infile (6ut B 6nT).

4. AnropnTmbl, OTHOCALLMECSI HEMOCPELCTBEHHO K KOAVIPOBAHUIO U AEKOANPOBAHMIO [OJKHbI DbITh
peanun3oBaHbl 6e3 NCNONb30BaHUS CTOPOHHMX BrubnnoTek.

Ha nouty eabelyaev@itmo.ru npucnaTte:

1. Otuer B pdf dbopmaTte, KOTOPLIN BKAOHAET B CebA:
> ®UNO cTygeHTa, HOMep rpynnbl 1 3agaHus.
> OnucaHue anropnTma KOAUPOBAHNS N AEKOANPOBAHUS.
> [Nns kaxgoro us 14 daiinoe Calgary corpus eeiqucanTe ouenkn H(X), H(X|X), H(X|XX), a
TaKXKe YKa3aTb 3HAYEHNS CPefHMX 3aTPaT Ha CUMBOA ANS PEasn30BaHHOro anroputma (B 6rTax) un
CyMMapHbIii pa3mep oxkatoro daiina B H6aiitax. JaHHbie npeacTaBute B Buge Tabavupl.
> CymMapHOe 3HadeHme CKaToro pasmepa Bcex haiinoe B baliTax.
2. VicxogHblii kog kopgepa v gekogepa.
3. WcnonHsembie nporpammbl kogepa v gekogepa, rotoebiMu K 3anycky Ha Windows 10.
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