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Ìåòîä �còîïêà êíèã�

▶ Ïóñòü X = {0, 1, ...,M − 1} � àëôàâèò èñòî÷íèêà, íà âûõîäå êîòîðîãî
íàáëþäàåòñÿ ïîñëåäîâàòåëüíîñòü x1, x2, ....

▶ Ïðåäïîëàãàåì, ÷òî ïåðâîé áóêâå ïðåäøåñòâóþò âñå áóêâû àëôàâèòà.

1. Èíòåðâàëüíîå êîäèðîâàíèå.
▶ Âìåñòî áóêâû xn ïåðåäà¼òñÿ êîëè÷åñòâî áóêâ (äëèíà èíòåðâàëà) rn ìåæäó

òåêóùèì è ïðåäûäóùèì ïîÿâëåíèåì äàííîé áóêâû.
▶ Ïðèìåð. abc|cabbbabbac → 0, 3, 3, 0, 0, 3, 1, 0, 2, 9.

2. �Còîïêà êíèã�12.
▶ Âìåñòî áóêâû xn ïåðåäà¼òñÿ êîëè÷åñòâî ðàçëè÷íûõ áóêâ dn ìåæäó òåêóùèì è

ïðåäûäóùèì ïîÿâëåíèåì äàííîé áóêâû.
▶ Ïðèìåð. abc|cabbbabbac → 0, 2, 2, 0, 0, 1, 1, 0, 1, 2.
▶ Ïðèìåð. cba|cabbbabbac → 2, 1, 2, 0, 0, 1, 1, 0, 1, 2.

1Ðÿáêî Á.ß., Ñæàòèå èíôîðìàöèè ñ ïîìîùüþ ñòîïêè êíèã // Ïðîáëåìû ïåðåäà÷è
èíôîðìàöèè, 1980.

2J.Bentley et al., A locally adaptive data compression scheme, 22nd Alteron Conference on
Communication Control and Computing, 1984.
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Ìåòîä �còîïêà êíèã�.
Ïðèìåð.

▶ IF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CAN

▶ Â ASCII ïðîáåë ýòî 32, à áóêâàì A,...,Z ñîîòâåòñòâóþò ÷èñëà 65...90.

▶ Ðåçóëüòàò: ...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.

▶ Ïðèìåíèì ê {di} ìîíîòîííûé êîä:

mon(n)→ 111..0︸ ︷︷ ︸
unar (⌊log2 n⌋+ 1)

bin(n − 2⌊log2 n⌋)︸ ︷︷ ︸
⌊log2 n⌋ áèò

.

mon(21)→ 11110︸ ︷︷ ︸ �10101︸ ︷︷ ︸ .
▶ Ïîëó÷èì 332 áèòà.
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Ìåòîä ñêîëüçÿùåãî ñëîâàðÿ (LZ-77)

▶ Êîäåð LZ-773 õðàíèò â ïàìÿòè ñêîëüçÿùèé ñëîâàðü, îáú¼ìîì W (ïîñëåäíèå
W áóêâ).

▶ Ïîñëå êîäèðîâàíèÿ ñèìâîëîâ x1, ..., xn−1 êîäåð èùåò â ñëîâàðå êàê ìîæíî
áîëåå äëèííóþ ïîñëåäîâàòåëüíîñòü (ñëîâî) èç íîâûõ áóêâ xn, ..., xn+l .
▶ Åñëè íå íàøëîñü, òî äåêîäåðó ïåðåäà¼òñÿ 0|bin(xn).
▶ Åñëè íàøëîñü, òî äåêîäåðó ïåðåäà¼òñÿ 1|bin(d)|vlc(l), ãäå

▶ d � ðàññòîÿíèå îò òåêóùåé ïîçèöèè äî íà÷àëà íàéäåííîãî â ñëîâàðå ñëîâà.
Êîäèðóåòñÿ ðàâíîìåðíûì êîäîì äëèíû ⌈logW ⌉.

▶ l � äëèíà íàéäåííîãî ñëîâà. Êîäèðóåòñÿ íåðàâíîìåðíûì êîäîì, íàïðèìåð,
óíàðíûì.

3J. Ziv, A. Lempel, Compression of individual sequnces via variable rate coding, IEEE Transactions
on Information Theory, 1977.
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Ìåòîä ñêîëüçÿùåãî ñëîâàðÿ (LZ-77).
Ïðèìåð, êîãäà vlc(x) = mon(x).

Øàã Ôëàã (x1, ..., xn) W d l Êîä Áèòû
0 0 I 0 - 0 0 bin(I) 9
1 0 F 1 - 0 0 bin(F) 9
2 0 _ 2 - 0 0 bin(_) 9
3 0 W 3 - 0 0 bin(W) 9
4 0 E 4 - 0 0 bin(E) 9
5 1 _ 5 2 1 1 010 0 5
6 0 C 6 - 0 0 bin(C) 9
7 0 A 7 - 0 0 bin(A) 9
8 0 N 8 - 0 0 bin(N) 9
9 1 N 9 0 1 1 0000 0 6
10 0 O 10 - 0 0 bin(O) 9
11 0 T 11 - 0 0 bin(T) 9
12 1 _ 12 6 1 1 0110 0 6
13 0 D 13 - 0 0 bin(D) 9
14 1 O 14 3 1 1 0011 0 6
15 1 _ 15 2 1 1 0010 0 65



Ìåòîä ñêîëüçÿùåãî ñëîâàðÿ (LZ-77).
Ïðèìåð, êîãäà vlc(x) = mon(x).

Øàã Ôëàã (x1, ..., xn) W d l Êîä Áèòû
16 1 A 16 8 1 1 01000 0 7
17 0 S 17 - 0 0 bin(S) 9
18 1 _WE_ 18 15 4 1 01111 11000 11
19 1 W 22 2 1 1 00010 0 7
20 1 O 23 8 1 1 01000 0 7
21 0 U 24 - 0 0 bin(U) 9
22 0 L 25 - 0 0 bin(L) 9
23 1 D 26 12 1 1 01100 0 7
24 1 _WE_ 27 8 4 1 01000 11000 11
25 1 S 31 13 1 1 01101 0 7
26 0 H 32 - 0 0 bin(H) 9
27 1 OULD_ 33 9 5 1 001001 11001 12
28 1 DO_AS_WE_ 38 24 9 1 011000 1110001 14
29 1 CAN 47 40 3 1 101000 101 10
Âñåãî áèò: 257
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Ìåòîä ñêîëüçÿùåãî ñëîâàðÿ (LZ-77).
Ìîäèôèêàöèè.

▶ Èñïîëüçîâàòü êîä Õàôôìàíà èëè àðèôìåòè÷åñêîå êîäèðîâàíèå äëÿ vlc(x).

▶ Îãðàíè÷èòü ìàêñèìàëüíîå l , W = 2w äëÿ áîëåå óäîáíîé îðãàíèçàöèè
ïàìÿòè4.

▶ Õðàíåíèå ñëîâàðÿ â âèäå äðåâîâèäíîé ñòðóêòóðû5.

4LZFG
5E.Fiala, Data compression with �nite windows. Communication of the ACM, 1989.
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Àëãîðèòì (LZW)

▶ Íà ïåðâîì øàãå êîäåð LZW6 ôîðìèðóåò ñëîâàðü èç esc-ñèìâîëà, êîòîðûé
ïîìåùàåòñÿ â ÿ÷åéêó ñ íîìåðîì i = 0, îáú¼ì ñëîâàðÿ C ← 1.

▶ Íà ïîñëåäóþùèõ øàãàõ êîäåð èùåò ñàìîå äëèííîå ñëîâî â ñëîâàðå,
ñîâïàäàþùåå ñ íà÷àëîì ïîäëåæàùåé êîäèðîâàíèþ ïîñëåäîâàòåëüíîñòè
xn, ..., xn+l .
▶ Åñëè íå íàøëîñü, òî äåêîäåðó ïåðåäà¼òñÿ 00..0︸︷︷︸

⌈log(C − 1)⌉
|bin(xn).

▶ Åñëè íàøëîñü, òî
▶ äåêîäåðó ïåðåäà¼òñÿ bin(i),︸ ︷︷ ︸

⌈log(C − 1)⌉

ãäå i � íîìåð íàéäåííîãî ñëîâà.

▶ ñëîâàðü äîïîëíÿåòñÿ íîâûì ñëîâîì, êîòîðîå ïîëó÷àåòñÿ äîïèñûâàíèåì ê ñëîâó ñ
íîìåðîì i áóêâû xn+l+1, C ← C + 1.

▶ Äåêîäåð ñìîæåò äîáàâèòü xn+l+1 òîëüêî íà ñëåäóþùåì øàãå. Ïîýòîìó êîäåð íå
èñïîëüçóåò ïîñëåäíåå ñëîâî ñëîâàðÿ.

6J. Ziv, A. Lempel, Compression of individual sequences via variable-rate coding, IEEE Transactions
on Information Theory, 1980.
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Àëãîðèòì (LZW).
Ïðèìåð.

Øàã Ñëîâàðü i Êîä Áèòû
0 esc � � �
1 I 0 bin(I) 0+8=8
2 F 0 bin(F) log(1)+8=8
3 _ 0 0bin(_) ⌈log(2)⌉+ 8 = 9
4 W 0 00bin(W) ⌈log(3)⌉+ 8 = 10
5 E 0 00bin(E) ⌈log(4)⌉+ 8 = 10
6 _ C 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 000bin(N) 4+8=12
11 O 0 0000bin(O) 4+8=12
12 T 0 0000bin(T) 4+8=12
13 _D 3 0011 4
14 D 0 0000bin(D) 4+8=12
15 O_ 11 1011 49



Àëãîðèòì (LZW).
Ïðèìåð.

Øàã Ñëîâàðü i Êîä Áèòû
16 _A 3 0011 4
17 AS 8 1000 4
18 S 0 00000bin(S) 5+8
19 _W 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
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Àëãîðèòì (LZW).
Ïðèìåð.

Øàã Ñëîâàðü i Êîä Áèòû
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
Âñåãî áèò: 291
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Îöåíêà èçáûòî÷íîñòè àëãîðèòìîâ LZ-77 è LZW

▶ Èçáûòî÷íîñòü LZ-77 ñ óâåëè÷åíèåì W îïðåäåëÿåòñÿ êàê:

R̄ ≈ H∞(X ) +
log logW

logW

▶ Èçáûòî÷íîñòü LZW ñ óâåëè÷åíèåì C îïðåäåëÿåòñÿ êàê:

R̄ ≈ H∞(X ) +
log logC

logC
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Êîíòåêñòíîå àäàïòèâíîå àðèôìåòè÷åñêîå êîäèðîâàíèå.
Îñíîâíàÿ èäåÿ.

▶ Åñëè ðàñïðåäåëåíèå âåðîÿòíîñòåé âèäà p̂(xt+1|x1, ..., xt) âîçìîæíî îöåíèòü ñ
äîñòàòî÷íîé òî÷íîñòüþ, òî àðèôìåòè÷åñêèé êîäåð ìîæåò èñïîëüçîâàòü ýòè
âåðîÿòíîñòè äëÿ äîñòèæåíèÿ ìàêñèìàëüíîãî ñæàòèÿ, ò.å., ñðåäíþþ äëèíó
êîäîâîãî ñëîâà, áëèçêóþ ê H(X |X∞).

▶ Êàæäîå óñëîâèå ñîîòâåòñòâóåò èñòî÷íèêó áåç ïàìÿòè, ê êîòîðîìó ìîæåò áûòü
ïðèìåíåíî óíèâåðñàëüíîå êîäèðîâàíèå.

▶ Èçáûòî÷íîñòü àäàïòèâíîãî êîäèðîâàíèÿ ïðèáëèæàåòñÿ ê íóëþ ñ ðîñòîì
äëèíû êîäèðóåìîé ïîñëåäîâàòåëüíîñòè. Ïîýòîìó â êàæäûé êîíòåêñò äîëæíî
ïîïàñòü äîñòàòî÷íîå êîëè÷åñòâî ñèìâîëîâ, ò.å., êîíòåêñòîâ íå äîëæíî áûòü
ñëèøêîì ìíîãî.

▶ Ýôôåêòèâíîñòü òàêîãî êîäèðîâàíèÿ ñèëüíî çàâèñèò îò ìåòîäà îöåíêè
âåðîÿòíîñòåé.
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Ïðåäñêàçàíèå ïî ÷àñòè÷íîìó ñîâïàäåíèþ.
Îñíîâíàÿ èäåÿ.

Îïðåäåëåíèå. Ñòðîêà s = x
t
t−d+1 äëèíû d ≤ D, ïðåäøåñòâóþùàÿ xt+1, ÿâëÿåòñÿ

êîíòåêñòîì äëÿ xt+1, åñëè s óæå ïîÿâëÿëîñü â x t−1
1 .

Ïðèìåð. THE_CAT_IN_THE_CAR_ATE_THE_RAT

t áóêâà êîíòåêñò

16 A THE_C
27 R THE_
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Prediction by Partial Matching (PPM).
Îñíîâíûå ýòàïû êîäèðîâàíèÿ ñèìâîëà xt+1.

1. Âûïîëíÿåòñÿ ïîèñê êîíòåêñòà s = x
t
t−d+1 íàèáîëüøåé äëèíû d , íå

ïðåâûøàþùåé D.

2. Äëÿ âñåõ âîçìîæíûõ çíà÷åíèé ñèìâîëà xt+1 âû÷èñëÿþòñÿ îöåíêè óñëîâíûõ
âåðîÿòíîñòåé ñèìâîëà ïðè èçâåñòíîì êîíòåêñòå s.

3. Çíà÷åíèå ñèìâîëà xt+1 êîäèðóåòñÿ àðèôìåòè÷åñêèì êîäîì â ñîîòâåòñòâèè ñ
âû÷èñëåííîé óñëîâíîé âåðîÿòíîñòüþ.
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Prediction by Partial Matching (PPM).
Îñíîâíûå ýòàïû êîäèðîâàíèÿ ñèìâîëà xt+1.

▶ D � ïàðàìåòð àëãîðèòèìà.

▶ Âåðîÿòíîñòü òîãî, ÷òî ñèìâîë xt+1 = a ïîñëå êîíòåêñòà s = x
t
t−d+1 ìîæåò

áûòü îöåíåíà êàê

p̂t(a|s) =
τt(s, a)

τt(s)
.

▶ Åñëè áóêâà äëÿ äàííîãî êîíòåêñòà íå âñòðå÷àëàñü, ò.å. τt(s, a) = 0, òî
àðèôìåòè÷åñêèé êîäåð íå ñìîæåò èñïîëüçîâàòü p̂t(a|s) = 0. Ïîýòîìó
èñïîëüçóåòñÿ esc-ñèìâîë.

▶ Åñëè p̂t(a|s) = 0, òî ïåðåäà¼òñÿ esc-ñèìâîë è êîíòåêñò óêîðà÷èâàåòñÿ íà îäíó
áóêâó.
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Prediction by Partial Matching (PPM).
Îñíîâíûå ýòàïû êîäèðîâàíèÿ ñèìâîëà xt+1.

1: Íàõîäèì íàèáîëüøåå d òàêîå, ÷òî p̂t(x
t
t−d+1) > 0, d ≤ D.

2: Âûáèðàåì êîíòåêñò s ← x
t
t−d+1.

3: while p̂t(xt+1|s) = 0 do
4: Êîäèðóåì esc â ñîîòâåòñòâèè ñ p̂t(esc |s).
5: Óìåíüøàåì äëèíó êîíòåêñòà: d ← d − 1, s ← x

t
t−d+1.

6: end while
7: if d > 0 then
8: Êîäèðóåì xt+1 â ñîîòâåòñòâèè ñ p̂t(x |s).
9: else
10: if p̂t(x) > 0 then
11: Êîäèðóåì xt+1 â ñîîòâåòñòâèè ñ p̂t(x)
12: else
13: Ïåðåäà¼ì esc è êîäèðóåì xt+1 â ñîîòâåòñòâèè ñ ðàâíîìåðíûì

ðàñïðåäåëåíèåì íà íå âñòðå÷àâøèõñÿ â x t
1 áóêâàõ.

14: end if
15: end if17



Prediction by Partial Matching (PPM).
Îöåíêè âåðîÿòíîñòåé àëãîðèòìàìè A è D.

Àëãîðèòì A:

p̂t(a|#) =
τt(a)

t + 1
; p̂t(esc |#) =

1

t + 1
, τt(a) > 0

p̂t(a|s) =
τt(s, a)

τt(s) + 1
; p̂t(esc |s) =

1

τt(s) + 1
, τt(s, a) > 0

Àëãîðèòì D:

p̂t(a|s) =
τt(s, a)− 1/2

τt(s)
; p̂t(esc |s) =

Mt(s)

2τt(s)
, τt(s, a) > 0,

ãäå Mt(s) � ÷èñëî ðàçëè÷íûõ áóêâ, ïîÿâèâøèõñÿ â ïîñëåäîâàòåëüíîñòè äëèíû t
âñëåä çà êîíòåêñòîì s.
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Prediction by Partial Matching (PPM).
Ïðèíöèï �èñêëþ÷åíèé� (exclusions).

▶ Ïóñòü s = (sd , ..., s1) � êîíòåêñò äëèíû d .
▶ Åñëè p̂(xt+1|s) = 0, òî ïåðåäà¼òñÿ esc-ñèìâîë.
▶ Ïîñëå ïîëó÷åíèÿ esc äåêîäåð âñ¼ åùå íå çíàåò xt+1, íî îí çíàåò, êàêèå

ñèìâîëû íå ìîãóò áûòü íà ýòîé ïîçèöèè. Ýòî ñèìâîëû, êîòîðûå ñëåäîâàëè çà
êîíòåêñòîì s, êîãäà îí ïîÿâëÿëñÿ ðàíåå. Ýòî çíàíèå ïîçâîëÿåò óòî÷íÿòü
âåðîÿòíîñòü p̂(xt+1|s ′) = (sd−1, ..., s1).

▶ Ñïèñîê èñêëþ÷àåìûõ ñèìâîëîâ ðàñò¼ò, åñëè esc ñíîâà ïåðåäà¼òñÿ.
▶ Èñêëþ÷åíèå íåêîòîðûõ ñèìâîëîâ óâåëè÷èâàåò îöåíêó âåðîÿòíîñòè äëÿ

îñòàâøèõñÿ ñèìâîëîâ, ò.å., óâåëè÷èâàåò ñæàòèå.

Ïðèìåð.
▶ Ðàññìîòðèì êîíòåêñò s =�êîð� çà êîòîðûì ñëåäóåò áóêâà �ò �, ïðè÷åì �êîðò � ðàíåå íå âñòðå÷àëîñü.

Ïðè ýòîì ïðåäïîëîæèì, ÷òî ðàíåå ïîñëå s âñòðå÷àëèñü �à� è �ñ�.
▶ Ïåðåäà¼ì esc è óêîðà÷èâàåì êîíòåêñò äî s =�îð�.
▶ Òîãäà τ ′t (îð)=τt(îð)-τt(îðà)-τt(îðñ).
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Prediction by Partial Matching (PPM).
Îöåíêè âåðîÿòíîñòåé c ó÷åòîì èñêëþ÷åíèé.

Àëãîðèòì A:

p̂t(a|s) =
τt(s, a)

τt(s)− τ∗t (s) + 1
;

p̂t(esc |s) =
1

τt(s)− τ∗t (s) + 1
, τt(s, a) > 0

ãäå τt(s) è τt(s, a) � ÷èñëî ñòðîê s è (s, a), ñîîòâåòñòâåííî, êîòîðûå ñîäåðæàòñÿ â
x
t
1 , τ

∗
t (s) � ÷èñëî áóêâ, êîòîðûå íå ìîãóò ñëåäîâàòü çà s.

Åñëè τt(s, a) = 0, íî τt(s
′
, a) > 0, òî

p̂t(a|s) =
1

(τt(s)− τ∗t (s) + 1)
p̂t(a|s

′
)

ãäå s
′
íà îäíó áóêâó êîðî÷å s.
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Prediction by Partial Matching (PPM).
Ïðèìåð PPMA, D = 5.

Øàã Áóêâà Êîíòåêñò τt(s) pt(esc|s) pt(x |s)
1 I # 0 1 1/256
2 F # 1 1/2 1/255
3 _ # 2 1/3 1/254
4 W # 3 1/4 1/253
5 E # 4 1/5 1/252
6 _ # 5 1/6
7 C _ 1,6 1/2×1/6' 1/251
8 A # 7 1/8 1/250
9 N # 8 1/9 1/249
10 N # 9 1/10
11 O N 1,10 1/2×1/9' 1/248
12 T # 11 1/12 1/247
13 _ # 12 2/13
14 D _ 2,13 1/3×1/12' 1/246
15 O # 14 1/15
16 _ O 1,15 1/2 3/15'
17 A _ 3,16 1/4 1/14'
18 S A 1,17 1/2×1/16' 1/245
19 _ # 18 4/19

21



Prediction by Partial Matching (PPM).
Ïðèìåð PPMA, D = 5.

Øàã Áóêâà Êîíòåêñò τt(s) pt(esc|s) pt(x |s)
20 W _ 4 1/5
21 E _W 1 1/2
22 _ _WE 1 1/2
23 W _WE_ 1,1,1,5 1/2×1'×1' 2/5'
24 O _W 2,2,23 1/3×1' 2/22'
25 U O 2,24 1/3×1/18' 1/244
26 L # 25 1/26 1/243
27 D # 26 1/27
28 _ D 1,27 1/2 6/25'
29 W _ 6 3/7
30 E _W 3 2/4
31 _ _WE 2 2/3
32 S _WE_ 2,2,2,7,31 1/3×1'×1'×1/3' 1/23'
33 H S 1,32 1/2×1/25' 1/242
34 O # 33 3/34
35 U O 3 1/4
36 L OU 1 1/2
37 D OUL 1 1/2
38 _ OULD 1 1/2
39 D OULD_ 1,1,1,1,8 1/2×1'×1'×1' 1/4'
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Prediction by Partial Matching (PPM).
Ïðèìåð PPMA, D = 5.

Øàã Áóêâà Êîíòåêñò τt(s) 7 pt(esc|s) pt(x |s)
40 O _D 1 1/2
41 _ _DO 1 1/2
42 A _DO_ 1 1/2
43 S _DO_A 1 1/2
44 _ DO_AS 1 1/2
45 W O_AS_ 1 1/2
46 E _AS_W 1 1/2
47 _ AS_WE 1 1/2
48 C S_WE_ 1,3 1/2 1/3'
49 A _WE_C 1 1/2
50 N WE_CA 1 1/2

Âñåãî áèò = 250 áèò (232 áèò äëÿ PPMD).

7τt(s) � ÷èñëî ïîÿâëåíèé êîíòåêñòà íà ïðåäûäóùèõ øàãàõ
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Ýôôåêòèâíîñòü PPMA îò D

▶ Íà ïðàêòèêå8 äîñòàòî÷íî 1 ≤ D ≤ 5.

8Äàííûå ïîëó÷åíû Ñåðãååì Êîçåëüêî, 2021.24



Ïðåîáðàçîâàíèå Áàððîóçà-Óèëëåðà (Burrows-Wheeler).
Îñíîâíàÿ èäåÿ.

Ïóñòü x � ïîñëåäîâàòåëüíîñòü íà âûõîäå èñòî÷íèêà9.

1. Âñå öèêëè÷åñêèå ñäâèãè ïîñëåäîâàòåëüíîñòè x ñîðòèðóþòñÿ â àëôàâèòíîì
ïîðÿäêå è ôîðìèðóþò òàáëèöó.

2. Ðåçóëüòàòîì òàêîãî ïðåîáðàçîâàíèÿ ÿâëÿþòñÿ:
▶ Ïîñëåäíèé ñòîëáåö òàáëèöû.
▶ Íîìåð ñòðîêè, êîòîðàÿ ñîîòâåòñòâóåò èñõîäíîé ïîñëåäîâàòåëüíîñòè.

9M.Burrows, D. Wheeler, A block-sorting lossless data compression algorithm, Report 124, Digital
Systems Research Center, 1994
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Ïðÿìîå ïðåîáðàçîâàíèå Áàððîóçà-Óèëëåðà.
Ïðèìåð.

0 A NIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_ C
1 A NNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_ C
2 A S_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO _
3 A S_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO _
4 C ANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE _
5 C ANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE _
6 D O_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD _
7 D O_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT _
8 D _DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOU L
9 D _WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOU L
10 E _CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_ W
11 E _CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_ W
12 E _SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_ W
13 E _WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_ W
14 F _WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CAN I*
15 H OULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_ S
16 I F_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CA N
17 L D_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHO U
18 L D_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WO U
19 N IF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_C A
20 N NOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_C A
21 N OT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CA N
22 O T_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CAN N
23 O ULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_S H
24 O ULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_ W
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Ïðÿìîå ïðåîáðàçîâàíèå Áàððîóçà-Óèëëåðà.
Ïðèìåð.

25 O _AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_ D
26 O _AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_ D
27 S HOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE _
28 S _WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_ A
29 S _WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_ A
30 T _DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANN O
31 U LD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SH O
32 U LD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_W O
33 W E_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS _
34 W E_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF _
35 W E_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD _
36 W E_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS _
37 W OULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE _
38 _ AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_D O
38 _ AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_D O
40 _ CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_W E
41 _ CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_W E
42 _ DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOUL D
43 _ DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNO T
44 _ SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_W E
45 _ WE_CANIF_WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_A S
46 _ WE_CANNOT_DO_AS_WE_WOULD_WE_SHOULD_DO_AS_WE_CANI F
47 _ WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_WE_WOUL D
48 _ WE_WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_A S
49 _ WOULD_WE_SHOULD_DO_AS_WE_CANIF_WE_CANNOT_DO_AS_W E
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Ïðÿìîå ïðåîáðàçîâàíèå Áàððîóçà-Óèëëåðà.
Ïðèìåð.

Ðåçóëüòàò ïðåîáðàçîâàíèÿ:

▶ Ïîñëåäíèé ñòîëáåö:
CC______LLWWWWISNUUAANNHWDD_AAOOO_____OOEEDTESFDSE

▶ Íîìåð ñòðîêè = 16.

Ñâîéñòâà ïðåîáðàçîâàíèÿ:

▶ Â ðåçóëüòàòå ïðåîáðàçîâàíèÿ ñèìâîëû ñãðóïïèðîâàëèñü òàê, ÷òî îíè ñòàëè
ñîäåðæàòü ñåðèè îäèíàêîâûõ ñèìâîëîâ.

▶ Ýòî ñâîéñòâî ìîæåò áûòü èñïîëüçîâàíî äëÿ óâåëè÷åíèÿ ñòåïåíè ñæàòèÿ.

▶ Íåîáõîäèìî ïåðåäàâàòü íîìåð ñòðîêè.
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Îáðàòíîå ïðåîáðàçîâàíèå Áàððîóçà-Óèëëåðà.
Îáùàÿ èäåÿ.

▶ Íàõîäèì ïåðâûé ñòîëáåö òàáëèöû ïóò¼ì ñîðòèðîâêè ïîñëåäíåãî ñòîëáöà.

▶ Âîññòàíàâëèâàåì èñõîäíóþ ñòðîêó ñèìâîë çà ñèìâîëîì, ñ ó÷åòîì òîãî, ÷òî
ñèìâîëó, íàõîäÿùåìóñÿ â ïîñëåäíåì ñòîëáöå ïðåäøåñòâóåò ñèìâîë â ïåðâîì
ñòîëáöå (èç-çà ëåêñèêîãðàôè÷åñêîãî óïîðÿäî÷èâàíèÿ).
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Îáðàòíîå ïðåîáðàçîâàíèå Áàððîóçà-Óèëëåðà.
Ïðèìåð.

t First Last t First Last t First Last
0 A C 17 L U 34 W _
1 A C 18 L U 35 W _
2 A _ 19 N A 36 W _
3 A _ 20 N A 37 W _
4 C _ 21 N N 38 _ O
5 C _ 22 O N 39 _ O
6 D _ 23 O H 40 _ E
7 D _ 24 O W 41 _ E
8 D L 25 O D 42 _ D
9 D L 26 O D 43 _ T
10 E W 27 S _ 44 _ E
11 E W 28 S A 45 _ S
12 E W 29 S A 46 _ F
13 E W 30 T O 47 _ D
14 F I* 31 U O 48 _ S
15 H S 32 U O 49 _ E
16 I N 33 W _

▶ (N,16) → I, (I,14) → F, (F,46) → _. Ïðîáåëîâ ìíîãî. ×òî äåëàòü?
▶ Òàê êàê íà ñòðîêå 46 ïðîáåë ÿâëÿåòñÿ 9-ì ïî ñ÷¼òó, èùåì 9-þ ñòðîêó ñ ïðîáåëîì â ïîñëåäíåì

ñèìâîëå, ïîëó÷àåì (34,W),...30



Ïðåîáðàçîâàíèå Áàððîóçà-Óèëëåðà.
Êîäèðîâàíèå ïîñëåäíåãî ñòîëáöà �ñòîïêîé êíèã�.

▶ CC______LLWWWWISNUUAANNHWDD_AAOOO_____OOEEDTESFDSE

▶ Áóäåì ïèñàòü esc êàæäûé ðàç, êîãäà ïîÿâëÿåòñÿ íîâûé ñèìâîë è ÷èñëî
ðàçëè÷íûõ áóêâ ìåæäó ïðåäûäóùèì è òåêóùèì ïîÿâëåíèåì áóêâû.

▶ Ïîëó÷èì: esc 0 esc 0 0 0 0 0 esc 0 esc 0 0 0 esc esc esc esc 0 esc 0 2 0 esc 6
esc 0 9 5 0 esc 0 0 2 0 0 0 0 1 0 esc 0 4 esc 2 10 esc 4 2 3

▶ Ïðèìåíÿåì íóìåðàöèîííîå êîäèðîâàíèå:
▶ Êîäèðîâàíèå êîìïîçèöèè: 35 áèò.
▶ Êîäèðîâàíèå ïîñëåäîâàòåëüíîñòè: 94 áèòà.

▶ Ïåðåäà÷à ñèìâîëîâ, ñîîòâåòñòâóþùèõ esc : 8× 15=120 áèò.

▶ Ïåðåäà÷à èíäåêñà èñõîäíîé ñòðîêè â ïðåîáðàçîâàíèè: 6 áèò.

Èòîãî: 255 áèò.
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Ñæàòèå íà îñíîâå ðåêóððåíòíûõ íåéðîííûõ ñåòåé (RNN)

Ñ ïîìîùüþ RNN ìîæíî îáðàáàòûâàòü ïîñëåäîâàòåëüíîñòè äàííûõ, íàïðèìåð,
ïðåäñêàçûâàòü ñëåäóþùèé ñèìâîë ïî ïðåäûäóùèì. Â RNN ÷òîáû õðàíèòü
èíôîðìàöèþ î ïðåäûäóùèõ òîêåíàõ ââîäèòñÿ ïîíÿòèå ñêðûòîãî ñîñòîÿíèÿ (hidden
state).
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Ñæàòèå íà îñíîâå ðåêóððåíòíûõ íåéðîííûõ ñåòåé (RNN)

Íà êàæäîì øàãå â ñåòü ïîäàþòñÿ äàííûå (íàïðèìåð, ýìáåääèíã òîêåíà), ïðè ýòîì
ïðîèñõîäèò îáíîâëåíèå ñêðûòîãî ñîñòîÿíèÿ:

ht = tanh(ht−1W1 + xtW2)

Äàëåå ïî ñêðûòîìó ñîñòîÿíèþ ïðåäñêàçûâàåòñÿ âûõîäíîé ñèãíàë:

yt = htW3

Â RNN îøèáêè ðàñïðîñòðàíÿþòñÿ íà ìíîãî øàãîâ íàçàä ïîñðåäñòâîì
backpropagation. Â ýòîì ïðîöåññå ïðîèñõîäèò ìíîãîêðàòíîå ïåðåìíîæåíèå
ãðàäèåíòîâ, è åñëè ñîáñòâåííûå çíà÷åíèÿ ìàòðèöû âåñîâ íà êàæäîì øàãå
ïðåâûøàþò 1, âåëè÷èíà ãðàäèåíòîâ áóäåò ýêñïîíåíöèàëüíî óâåëè÷èâàòüñÿ
(�âçðûâàòüñÿ�) ïî ìåðå âîçðàñòàíèÿ êîëè÷åñòâà âðåìåííûõ øàãîâ.
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Ñæàòèå íà îñíîâå LSTM

Long short term memory (LSTM) àðõèòåêòóðà ÷àñòè÷íî ðåøàåò ïðîáëåìû
êëàññè÷åñêèõ RNN - âçðûâàþùèåñÿ è çàòóõàþùèå ãðàäèåíòû. Ñïåöèàëüíûå
ìåõàíèçìû - âåíòèëè (gates), ïîçâîëÿþò êîíòðîëèðîâàòü êîëè÷åñòâî ïðîõîäÿùåé
÷åðåç íèõ èíôîðìàöèè.
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Ñæàòèå íà îñíîâå LSTM

Êðîìå ýòîãî, â LSTM ïîÿâëÿåòñÿ ïîíÿòèå ñîñòîÿíèÿ áëîêà (cell state). Îí
ïîçâîëÿåò èíôîðìàöèè ëåãêî ïðîõîäèòü ÷åðåç ìíîæåñòâî áëîêîâ.
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Ñæàòèå íà îñíîâå LSTM

Forget gate ïîçâîëÿåò íà îñíîâå ïðåäûäóùåãî ñêðûòîãî ñîñòîÿíèÿ ht−1 è íîâîãî
âõîäà xt îïðåäåëèòü, êàêóþ äîëþ èíôîðìàöèè èç ñîñòîÿíèÿ ïðåäûäóùåãî áëîêà
ct−1 ñòîèò ïðîïóñòèòü äàëüøå, à êàêóþ çàáûòü.
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Ñæàòèå íà îñíîâå LSTM

Input gate ïîçâîëÿåò ðåøèòü êàêóþ èíôîðìàöèþ äîáàâèòü â ñîñòîÿíèå áëîêà îò
ht−1 è xt . Òàêèì îáðàçîì, ñîñòîÿíèå áëîêà áóäåò îáíîâëåíî:
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Ñæàòèå íà îñíîâå LSTM

Output gate îòâå÷àåò íà âîïðîñ î òîì, ñêîëüêî èíôîðìàöèè èç ct ñëåäóåò îòäàâàòü
íà âûõîä èç LSTM-áëîêà.
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Ñæàòèå íà îñíîâå LSTM

1. LSTM èñïîëüçóåòñÿ äëÿ âû÷èñëåíèÿ âåêòîðà âåðîÿòíîñòåé ñëåäóþùåãî
ñèìâîëà íà îñíîâå ïðåäûäóùèõ.

2. Ýòîò âåêòîð èñïîëüçóåòñÿ äëÿ êîäèðîâàíèÿ òåêóùåãî ñèìâîëà ïðè ïîìîùè
àðèôìåòè÷åñêîãî êîäåðà.

3. Âåñà LSTM ìîäåëè îáíîâëÿþòñÿ (îáó÷àþòñÿ) íà îñíîâå óæå îáðàáîòàííûõ
ñèìâîëîâ (òîæå ñàìîå ïðîèñõîäèò íà ñòîðîíå äåêîäåðà).

4. Â èòîãîâûé ôàéë, êðîìå ñæàòûõ äàííûõ, â íà÷àëî çàïèñûâàåòñÿ äëèíà
îðèãèíàëüíîé ïîñëåäîâàòåëüíîñòè è èñïîëüçóåìûé àëôàâèò.

5. LSTM ïðåäñêàçûâàåò âñ¼ ëó÷øå ïî ìåðå ðîñòà ÷èñëà îáðàáîòàííûõ ñèìâîëîâ.
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Ñðàâíåíèå àëãîðèòìîâ äëÿ ïðèìåðà

Àëãîðèòì Çàòðàòû
(áèò)

Áåç ñæàòèÿ 400

Äâóõïðîõîäíîå êîäèðîâàíèå, êîä Õàôôìàíà 302

Íóìåðàöèîííîå êîäèðîâàíèå 283

Àðèôìåòè÷åñêîå êîäèðîâàíèå, àëãîðèòì A 293

Àðèôìåòè÷åñêîå êîäèðîâàíèå, àëãîðèòì D 283

LZ77 280

LZW 291

PPMA 250

PPMD 232

Ïðåîáðàçîâàíèå Áàððîóçà-Óèëëåðà 255
è ìåòîä �ñòîïêà êíèã�

Ïðåîáðàçîâàíèå Áàððîóçà-Óèëëåðà 235
è êîäèðîâàíèå ðàññòîÿíèé

Prediction-based modeling10 400

Prediction-based modeling áåç ó÷åòà header 232

10A single-layer LSTM with 512 hidden units is used
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Calgary corpus

Size (bytes) File name Description
111,261 BIB11 ASCII text in UNIX "refer"format � 725 bibliographic references.
768,771 BOOK1 unformatted ASCII text � Thomas Hardy: Far from the Madding

Crowd.
610,856 BOOK2 ASCII text in UNIX "tro�"format � Witten: Principles of

Computer Speech.
102,400 GEO 32 bit numbers in IBM �oating point format � seismic data.
377,109 NEWS ASCII text � USENET batch �le 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 "tro�"format � Witten, Neal, Cleary: Arithmetic Coding

for Data Compression.
82,199 PAPER2 UNIX "tro�"format � Witten: Computer (in)security.
513,216 PIC 1728×2376 bitmap image (MSB �rst): 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.

11http://www.data-compression.info/Corpora/CalgaryCorpus/
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Ñæàòèå äàííûõ íà îñíîâå áîëüøûõ ÿçûêîâûõ ìîäåëåé

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

Representations, 2024.
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Îöåíêà ýíòðîïèè àíãëèéñêîãî ÿçûêà ïðè ïîìîùè áîëüøèõ
ÿçûêîâûõ ìîäåëåé

1. Âõîäíîé òåêñò ïðåäñòàâëÿåòñÿ êàê âûõîä èñòî÷íèêà ñ àëôàâèòîì ðàçìåðîì â
32000 ñëîâ (òîêåíîâ) ïåðåìåííîé äëèíû.

2. Âåðîÿòíîñòü êàæäîãî ñëåäóþùåãî ñëîâà xi äëèíîé â bi ñèìâîëîâ îöåíèâàåòñÿ
óñëîâíàÿ âåðîÿòíîñòü p(xi |xi−M , ..., xi−1) ïðè ïîìîùüþ LLaMA ìîäåëè,
êîòîðàÿ ó÷èòûâàåò ïðåäûäóùèå M ñëîâ.

3. Ýíòðîïèÿ îöåíèâàåòñÿ ÷åðåç îöåíêó óñëîâíîé ñîáñòâåííîé èíôîðìàöèè:

H(X ) ≤ −
lim
N→0

1

N

N∑
i

log p(xi |xi−M , ..., xi−1)

E (bi )43



Îöåíêà ýíòðîïèè àíãëèéñêîãî ÿçûêà ïðè ïîìîùè áîëüøèõ
ÿçûêîâûõ ìîäåëåé

Òàêèì îáðàçîì, ýíòîïèÿ àíãëèéñêîãî ÿçûêà ìîæåò áûòü îöåíåíà êàê 0.71 áèò íà
ñèìâîë13.

13C. Valmeekam et al., LLMZip: Lossless Text Compression using Large Language Models, 2023
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Ñðàâíåíèå àëãîðèòìîâ ñæàòèÿ íà Calgary corpus

Àðõèâàòîð Íàñòðîéêè Ñæàòèå14, áàéò

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 Jr1 -m256 -o16 740,737

ppmonstr J 675,485

ZPAQ v7.15 -method 5 659,709

14Âñå ôàéëû ñæèìàþòñÿ ïî-îòäåëüíîñòè

45



Âàðèàíòû çàäàíèé

� Àëãîðèòì Ïàðàìåòðû Áàëëû
1 Êîä Õàôôìàíà Äâóõïðîõîäíûé 10
2 Êîä Õàôôìàíà Äâóõïðîõîäíûé, áëîêàìè ïî 2 ñèìâîëà 15
3 Êîä Õàôôìàíà Äâóõïðîõîäíûé, ñ ó÷åòîì ïðåäûäóùåãî ñèì-

âîëà
15

4 Íóìåðàöèîííîå
êîäèðîâàíèå

Íà îñíîâå àðèôìåòè÷åñêîãî êîäèðîâàíèÿ 20

5 Àðèôìåòè÷åñêîå
êîäèðîâàíèå

Îöåíêà âåðîÿòíîñòè A 15

6 Àðèôìåòè÷åñêîå
êîäèðîâàíèå

Îöåíêà âåðîÿòíîñòè D 15

7 �Ñòîïêà êíèã� Êîäèðîâàíèå ìîíîòîííûì êîäîì 10
8 LZ77 vlc(x) � ìîíîòîííûé êîä 10
9 LZ77 vlc(x) � êîä Õàôôìàíà 15
10 LZW 10
11 PPMA 20
12 PPMD 20
13 Áàððîóçà-

Óèëëåðà
Ñæàòèå ìåòîäîì �ñòîïêè êíèã� 20

46



Òðåáîâàíèÿ ê ïðîãðàììå è îò÷åòó

Òðåáîâàíèÿ ê ïðîãðàììå:
1. Íàïèñàòü êîäåð è äåêîäåð, êîòîðûå ðàáîòàþò êàê îòäåëüíûå ïðîãðàììû è çàïóñêàþòñÿ ñ êîìàíäíîé

ñòðîêè:
2. Â êà÷åñòâå ïàðàìåòðà íà âõîä êîäåðà ïîäà¼òñÿ èìÿ ñæèìàåìîãî ôàéëà. Íà âûõîäå ïðîãðàììà

âûäà¼ò ôàéë ñî ñæàòûìè äàííûìè: encoder in�le zip�le.
3. Íà âõîä äåêîäåðà ïîäà¼òñÿ ôàéë ñî ñæàòûìè äàííûìè è èìÿ äåêîäèðîâàííîãî ôàéëà: decoder zip�le

dec�le. Íà âûõîäå äåêîäåð âûäà¼ò ôàéë dec�le, êîòîðûé èäåíòè÷åí èñõîäíîìó in�le (áèò â áèò).
4. Àëãîðèòìû, îòíîñÿùèåñÿ íåïîñðåäñòâåííî ê êîäèðîâàíèþ è äåêîäèðîâàíèþ äîëæíû áûòü

ðåàëèçîâàíû áåç èñïîëüçîâàíèÿ ñòîðîííèõ áèáëèîòåê.

Íà ïî÷òó eabelyaev@itmo.ru ïðèñëàòü:

1. Îò÷åò â pdf ôîðìàòå, êîòîðûé âêëþ÷àåò â ñåáÿ:
▶ ÔÈÎ ñòóäåíòà, íîìåð ãðóïïû è çàäàíèÿ.
▶ Îïèñàíèå àëãîðèòìà êîäèðîâàíèÿ è äåêîäèðîâàíèÿ.
▶ Äëÿ êàæäîãî èç 14 ôàéëîâ Calgary corpus âû÷èñëèòü îöåíêè H(X ), H(X |X ), H(X |XX ), à

òàêæå óêàçàòü çíà÷åíèÿ ñðåäíèõ çàòðàò íà ñèìâîë äëÿ ðåàëèçîâàííîãî àëãîðèòìà (â áèòàõ) è
ñóììàðíûé ðàçìåð ñæàòîãî ôàéëà â áàéòàõ. Äàííûå ïðåäñòàâèòü â âèäå òàáëèöû.

▶ Ñóììàðíîå çíà÷åíèå ñæàòîãî ðàçìåðà âñåõ ôàéëîâ â áàéòàõ.
2. Èñõîäíûé êîä êîäåðà è äåêîäåðà.
3. Èñïîëíÿåìûå ïðîãðàììû êîäåðà è äåêîäåðà, ãîòîâûìè ê çàïóñêó íà Windows 10.
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Ñïàñèáî çà âíèìàíèå!

Îáðàçîâàòåëüíàÿ ïðîãðàììà: �Ïðîãðàììèðîâàíèå è èíòåðíåò-òåõíîëîãèè�


