Disadvantages of Huffman code

* For a source alphabet with small alphabets, such as binary sources, or
with highly skewed probabilities (i.e. P, T)

* the modeling & coding aspects of lossless compression are to be kept
separate (why?)

The disadvantages of Huffman coding :
1. H(s)<I<H(s)+P,, +0.086 for P, <0.5 o
() <1 <H(8)+Pray + ma =72 b Pinefficient
H(s)<I <H(S)+ P, for P, >05

max —
2. extended Huffman code: It does not always works efficiently
— large storage : codebook increase exponentially
— time-consuming decoding procedure
s While a sequence of length m to be encoded, a unique arithmetic

code (a tag) just be generated for the sequence without the need for
generating codewords for all sequences of length m in advance.
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Arithmetic Coding

Example :
: 0
Letters P ( a, ) Fy () Range
a, 0.8 0.8 [0,0.8) a,
a, 0.02 0.82 [0.8,0.82) 08
a, 0.18 1 [0.82,1) 0.82 __la,
a3
- I 1 o
F, (1) = Z P(a,) * associate the subinterval
k=1 . . .
. _ [Fy(i-1), Fy(i)) with the
Where X is the random variable symbol a.

with probability density function - L 1
P(X=i) = P(a), and cumulative  * Tx (&) = kle(X =k)+ 5 P(X =)
density function Fy(i). ) 1

=F, (i —1)+§P(X =1)
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Arithmetic Encoding (1)

Input sequence : X = ( Xy, Xy yeeer-e xn)_:( 1321) T (aaaa)
I.e. al 3.3 a2 a.l B |(4) +u(4)
2
Fx(0) 0 7—0 0656 7T  40.7712 4 ——0.7712 4 =0.772352
=(0.11000101...),
a
a
0.7712 0.773504 —1(0.11000101).=
Fx() 98—, 0.656 a, ( )
0.77408 — 7 0.76953125
Fx(2)0.82- a, \ (0.11000110),=
FX@) 1- 08 ~—— 08~ “o77408 1 ‘0.773504 | 07734375
1 =0 1V =0 1 =0.656 ¥ =07712 ¥ =0.7712
u® =1 u® =08 u? =08 u® =0.77408 u® =0.773504
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Arithmetic Encodlng (2)

1
(M) _ (=1 | (1,(1-D) _ (=) ~ Tx (X)) = Fx (x=1) + 2P (X)
I =17+ (U7 - 1) R (x, =) X : a sequence

u™ = (-1 +(u(n - 1))|: (X ) x —1: the first sequence
precedes  sequence X

12 =10 4 (u® - 1W)F, (xz—l)_0+(08 0)Fy (2)
u® =10 4 W® —19YF, (x,) =0+ (0.8 - 0)Fy (3)

1) = 1@ 1 (u® —1®YF, (x5 -1) = 0.656 + (0.8 — 0.656 )Fx (1)
u<3> 1 1 (u® —1®)F, (x;) = 0.656 + (0.8 — 0.656 )Fx(2)

Ty (2,8,a,) F AlG )

_ 1 .
Ty (a,a3) = P(a;a,) + P(a,a,) + ~ P(a,a;3) = P(a,a,a,) + P(a,a,a,) + P(a,a,a,)
2 _Plaasa,) + P(a1a2a2)+ P(a1a2a3)

P(a;a;a,) + P(alaSaZ) P(

=0.8x0.8+0.8x0.02 +;><0.8><O.18
:0.8x0.82+;x0.8x0 18
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Arithmetic Decoding (1)

Decodingsteps:
tag = 0.772352 (1) Initialize
k=1 t*=0.772352
{I(O) =0 _ cx =1 1920 u®—0g 19 =0 and u® =1
ul® =1 U (2) Foreachk
Fy (0)=0.00 tag — | <D
0.772352-0 ; «_lag
Fy (1) =0.80 k=2 tr=" 050006544 (2-1) findt =675 6
F, (2)=0.82 % =3 1Y=0656 u®=08 (2-2) Findx,s.t.
FQX D ! Fy(X —1) <t < Fy(x,)
. ) _ *_ 0.772352 - 0.656 —0.808 (2 _ 3) Updateu(k) & I(k)
1. dofa s 0.8-0.656
decoder S Xy =2 119=0.7712 u® =0.77408
SEHAL? U
2. FEH%/D 0.772352—-0.7712
: k=4 t*= =0.4
bitsskF=< 0.77408—-0.7712
tag? X =1 1 =0.7712 u) = 0.773504
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Decodability and Efficiency of the
Arithmetic Code (1)
e The binary representation of T, (x) can be truncated to I(x)= Iogp(lx) +1bits
Symbol | Py Fy Ty In binary |[log@/P(x))]+1 | Code
1 1/3 1/3 1/6 0.00101... 3 001
2 1/6 1/2 5/12 0.01101... 4 0110
3 1/4 3/4 5/8 0.101 3 101
4 1/4 1 718 0.111 3 111
Proof A binary code for a four-letter alphabet
1. this code is unique (i.e. non - ambiguous code)
i.e. To show that [Tx®) Jo € [Fx(x-1),F x(0))
) [Tx® Jo < Fx)  trival Qe | Tl I e [Fy(c-1), o) |
- o o 1 ........................................................ H
(i) = 0<Te®-[Tx0 by <o - A
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Decodability and Efficiency of the
Arithmetic Code (2)

and L _ S S S 1 €9
21(x) ['C’gp(lx)}l |ogp(1x)+1 5 1 2
2 2 P(x)
P (x)

— 'I'_X (x)—F,(X— 1),\ Q: {15 tag R EiSkEH?

1

T.(X)-F, (x=1) = 2'® -(B)
By (A) & (B), [Tx ()], > Fx(x-1)
[T (0], €[ Fe(x=1), Fe (%)
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Decodability and Efficiency of the
Arithmetic Code (3)

2. Uniquely decodable

Lemma: Given a number a in the interval [0,1) with an n-bit binary
representation [a,a,... a,], for any other number b to have a binary
representation with [a,a,... a,] as the prefix, b have to lie in the

interval [a,a+1/2") 0.125 0.25 05 0.75 0.875
L1 | | |
R S R e
aisprefixofb too t toot
Hesssrrnrnsssssnnnnssnneeann =00 (0.001), (0.01), (0.1), (0.11), (0.111), ===

To show that [|_TX )i o T )10 + 2|1(X)j c [Fy (x=1), Fy (x))

o N Suppose | T, (x,) | isprefixof | T, (x,)|
(|) |_TX (X)J 0 > FX (X _1) EEE ~ L J(1)_ L_ J( ) L
) B B PK) 1 then LTx(xl)Jl(mSLTX(XZ)JW)<LTX(X1)JIW+W

(i) Fy (x) = [Tx ()] 1 > Fx () =Ty (x) =T, 7o - = 1

2 20 But [T | [T |+ ) S TR =1 F (%)

i.e. this code is a prefix code LT_X(Xz)J,(m CIF. (% ~1) F. (x) ()
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Decodability and Efficiency of the
Arithmetic Code (3)

3. How efficient s it ?

lon =2 POIX) =X PO [[log (1/P(x)) [+ 1]

where A™ :the number of sequences of length m

< Y PX [log (1/P(X)) +1+1]= -3 P(X) log P(X) + 23 P(x)

=H((X ™Y+ 2 where X™ ={x,x, .. X 0}
(m) (m)
HX ™) <1, <HX M)+ 2= H (X )_IA HX0), 2
m m m
iid asumption H(XM™)=mH (X) .. HX) <1, < HX) ;2
m

Compared with Huffman code H(x) <Il, < H(x) +;

e’ m /NHF | arithmetic code Eb Huffman code #= eg. 441 & 451
em T ¥} arithmetic code #[4E

e easy to implement a system with multiple arithmetic codes

e much easier to adapt arithmetic codes to changing input statistics
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Adaptive Arithmetic Coding (1)

» Example :
- for a source alphabet {a,b,c}
- input sequence = bccb

0 0.3333 05834 — 0.6334 — 0.639
P(a) = 1 P(a) _ 1 P(a) =5 P(a):% /
3 4] 0.6001 0.639
0.3333 | 0.4167 ,
_2 Pb)== | b
Pb)=1 | b PO)=5 6
3 P(b) =2 0.6501 —
4 0.6334 —
0.6667 —
0.5834 , P(c)=>
. 5834 _
PE)=7 1 Pe)=; |C °
1 — 0.6667 — — 0.6667 - —+0.6667 0.6501
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Algorithm Implementation

* Rescaling the interval
"." the precision required to represent the interval grows with

the length of the sequence
= once the codec knows which portion contains the tag
1. ignore the portion which not containing the tag
2. concentrate on the portion containing the tag
— map the interval containing the tag to [0,1)

* Incremental encoding & decoding
= to generate portions of the code of the tag without waiting to

see the entire sequence

* Integer arithmetic
- to prevent loss of precision due to round-off error

- to speed up arithmetic coding
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Rescaling & Incremental Coding (1)

* Incremental encoding

- send the MSB when & & u®) have a common prefix
* Rescaling the interval

- map the half interval containing the tag to [0,1).

0.10 - 0.001 = (0.011), (0.101), = 0.10 + 0.001

0.375 0.625
| | | N B | | |
| [ [ [ 0.4375 ’ 05625 | [ [
0 0.125 0.25 0.5 0.75 0.875 1
(0.001), (0.01), (0.1), (0.11), (0.111),
E,:[0,0.5)—[0,1) (.0XxX.....),
E,(X)=2x E,:[05,1)—>[0,1) (Ixxx.....),
e.g.: E,(x) = 2(x-0.5)
0.2=(.0011...), [0,0.25) €.9. -
oa=(ot), ? EL o5 0 EL 08= (L1001, [[0-75')1) ) E2
0.6=(.10011...) 05,1
0.8=(11.. 0,1 i E2
(11, § E1 0.0 ) EL 0.2=(.0011...), ) E2 [0, 1) )

Q: [0.75,0.875) --- (.110xxX),
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Rescaling & Incremental Coding (2)

E,:[0.25,0.75)—>[0,1) (.01xxX...), -
E;(X) =2 (x—0.25) (-10xxX...),
@ [0.,1)
T E x =0.562 = (.100011~),
[05,1) 1~ -
L= E.E,E;E,
[0.5,0.75) 10 ~
T E, send 1 000
[0.5,0.625) .100~
[0.5,0.5625) .1000~
I [-)-I—l I
1 E,
[ )
lE;
[ )
g =A
[ )
lE,
[ )
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Rescaling & Incremental Coding (3)

(i) e.g.:
[0,1) x = 0.4376= (.011100~),
T E,
[0,0.5) .0~ E.E,E;E,
T E,
[0.25,0.5) .01~ send0 111
T E,
[0.375, 0.5) 011~ | [—)
T Eg v Eq
[ 0.4375, 0.5) 0111~ [ )
VE;
[ )
LE,
[ )
(iii) x=0.40r0.5 LE,
[0.3568 , 0.54112) E, [ )
L E,

[0.2136 , 0.54228)
OB E 4RI Ey of E, - IH¥tag s —(Ebit T4 0 or 1
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Incremental Encoding(E1&E2)(1)

Example : input sequence = (a; a;a,a, )

F(0)=0 ©=04a, (IM=0 a, [1® =0.656
F(1)=0.8 {u(o) =1 { u® = 0.8—’{ u@ =0.8
F«(2)=0.82 send code = 1
Fy(3)=1 [ Z(FE) { |® =2 « (0.656 -0.5) = 0.312
hnfz Lu@ =2%(0.8 -0.5) =0.6
x 0.02

o.eﬁs 0.7712 i 0.77408
x 2-1 LT 2-1 AN (.1100011), = 0.7734375
0.312 ’ 0.6 05424 054816 x 2 -1

! v\(.100011)2 = 0.546875

x 0.02
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Incremental Encoding(E1&E2)(2)

| &
{ I®) = 05424 _  JFzk> send code =1
u® = 0.54816 > 2(zE I® = 2 x (0.6784 — 0.5) =0.3568
send code = 1 u® = 2 x (0.77056 — 0.5) = 0.54112
{I(3) = 2 x (0.5424 - 0.5) = 0.0848 | a
u® = 2 x(0.54816 — 0.5) = 0.09632 |4) = 0.3568 JFA 2 6AGZE?
send code =0 u® = 0.504256
{|(3) = 2 x0.0848 = 0.1696 Use value 0.5=0.10...0
u® = 2 x0.09632 =0.19264 Send code = 10...0, add “0...0” stuffs
send code = 0 to make 11000110...0 be YYords
|(3) = 2x0.1696 = 0.3392 Q : E%?ﬁEnCOde al ﬁD%Kﬁéum_l ‘1’ ﬂ
{ @ - BL#EH? 01 X 0101(0.3125) X
u 2 x0.19264 = 0.38528 011 (0.375) ~
send code =0 Q : y1Hinput HEa,a5a,, encoder{}gik
I8 = 2 x0.3392 =0.6784 t{? 1100011
u® = 2 x 0.38528 = 0.77056 S iefg  ‘a,” symbol AP ERERbit
encode
(.10001), = 0.53125
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Incremental Decoding(E1&E2)(1)
Example : input bit stream = (11000110...0)
= To begin the decoding process, we need to have enough information to decode the first
symbol unambiguously, i.e. to guarantee unambiguously decoding, the number of
bits received should point to an interval smaller than the smallest tag interval

{|<o> =0 t'=tag o t*=(0.765625-0)=0.957
u®=1 decode a, (0.8-0) (11),=0.75x
tag = (.110001), { W=0 decode a, (.101),=0. 625 x Encode
=0.765625 u=0.8 1@ = 0656 (:1001),20. 5625 7 &
™~ { U@ =0.8 (but 0.8698% > 0.82 %)
' (.10001),=0. 53125 ?

— 5 —
EX(Ol)__OO 8 27 = 003125 ), 2) = 2 x (0.656 — 0.5) = 0.312/
x(1)=08 5 s 9015625 UD= 2 x (0.8—05)= 0.6

Fx (2)=0.82 : tag = (.L00011), = 0.546875 (discard “1” bit)

Fy (3)=1 2kK<002=k=6

Ans: (.10001),=0.53125
t* = (0.53125-0.312) = 0.76128
(0.6 - 0.312)
-.decode a,

Q: WIFEMEHY 5(F (2~4?) bit, a, [ ag
IEHEH # decodet, [fi a, RIIE.
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ANs:

(.1001),=0.5625
t* = (0.5625 - 0.312 ) = 0.86979
(0.6 —0.312)
-.decode a4
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Incremental Decoding(E1&E2)(2)

=) t* = (0.546875-0.312 )

(06-0312) {|(3) = 2x0.3392 =0.6784
T | | tag = .110000 = 0.75 (discard “0” hit)

decode a,

{ I® = 0.5424 0'5%.5625 ' 1€) 2 (0 6784 — 0 5) 0.3568
u® = 054816 - o len = By 2
053125 040875 {u(3) = 2 x (0.77056 — 0.5) = 0.54112

I® = 2 x (0.5424 - 0.5) = 0.0848 tag = 100000 20.5 (discard “1” bit)
{u® = 2% (0.54816 — 0.5 ) = 0.09632 )
tag = .000110 = 0.09375 (discard “1” bi) U= (0:5-0.3568) =0.7769
t  0.54112-0.3568
8 = 2 x 0.0848 = 0.1696 decode a,
{u(3) = 2 % 0.09632 = 0.19264 {1 = 0.3568
tag = .001100 = 0.1875 (discard “0” bit) | U =0.504256

{I(3) = 2x0.1696 = 0.3392

u® = 2 x0.19264 = 0.38528 tag fi7/72[0.3568, 0.54112) 0~80%_ fH]
tag =.011000 = 0.375  (discard “0” hit) (ile.0< t*<0.8)
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Incremental Encoding(E1,E2,&E3)

Example : input sequence = (a; a3, ) {'(3) =05848 A7 [0.7712, 0.77408)

u®= 0.59632 4 %%

{I(O) =0 a, {I(l) =0 @ {I(Z) =0.656 a, Sendcode=10 (counter=0)

u® =1 — lyM=0.8 »>'y@=0.8 N {l(?’) =2x(0.5848 — 0.5) = 0.1696
' u® =2 x (0.59632 — 0.5) = 0.19264
(counter = 0)
Send code =1 Send code = 0
1@ =2 x (0.656 —0.5) I® =2 x0.1696 = 0.3392
=0.312 u® =2 x 0.19264 = 0.38528
u@=2x(0.8-0.5)
=0.6 Send code =0

{I(S) =2 x 0.3392 = 0.6784
(counter = 1)

u®=2 x 0.38528 = 0 .77056
{ I =2 x (0.312-0.25

- 0.124 Send code = 1
u@=2x (0.6 —0.25) { I® =2 x(0.6784 —0.5) = 0.3568
u®=2x(0.77056 — 0.5 ) = 0.54112 |

=07 |
0B RE3f, F@ =0.2136 a, Come :(1 ) ) a,
 EElore { w 1 { =2 x (0.3568 — 0.25 ) = 0.2136
 JREIOTES u® =0.508512 U® = 2 x (0.54112 — 0.25 ) = 0.58224

use Value 0-5 = 0-10- { [ =10"3568 +
send code = 10...0 0r\011,..0 u® = 0.504256
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a,35 : [0.656,0.8) :
(0.101),=0.625 (0.1011),=0.6875
(0.110),=0.75
a,848, : [0.7712,0.77408) :
(0.11000101),=0.76953125 (0.110001011),=0.771484375
(0.11000110),=0.7734375

a,848,3, : [0.7712,0.773504) :
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Incremental Decoding(E1,E2,&E3)

Example : input bit stream = (11000110...0) t* = (0.59375 — 0.124 ) = 0.8155
=0 t* = tag t* = (0.765625 — 0 ) = 0.957 (0.7-0.124)
{u(o) =1 decode a (0.8-0) =) decode a,
b decodea, I®) = 0.5848
B =(110001), [I®=0 . { .
1@ = 0.656 ut® = 0.5963% : o
tag =0.765625 u®=0.8 { UD=08 [ [(discard “10” bits)

(Coumzer [ 848-0 5§ 205606

= X f -U. = V.

I = 2 x (0.656 — 0.5) = 0.312 _— u® = 27 (0.59632-0.5) = 0.19264
u@= 2 x (0.8 -0.5) =0« tag=.001100 = 0.1875 |(discard “0” bit

B = (100011), tag = 0.546875 (discard “1”

{ I®) = 2x0.1696 = 0.3392 2
(counter = 1) )C u® = 2 x 0.19264 = 0.38528
{ I =2 x(0.312 - 0.25) = 0.12 O / tag = .011000 = 0.375 |(discard “0" bit)

U(Z) =2 06 — 025 = 0 A4 = )
x( ) {|<3> = 2x03392 =06788 0

u® = 2 x0.38528 = 0.77056
tag = .110000 = 0.75 |(discard “1” bit)

tag = (tag-0.25) x2 =(.100110), = 0.59375

t*= (0.5-0.2136) =0.7769

1SR 1378 oo W
0.58224-0.2136  (counter = 1) I®) = 2 x (0.6784-0.5) ~ 035687
decode a, 1 =2 x(0.3568 - 0.25) = 0.2136 c:{u@) = 2 x (0.77056-0.5) = 0.54112
{L(4) - 8'5201835612 @31 u®= 2x (054112 - 0.25) = 0.58224 tag = .100000 = 0.5

tag = (tag-0.25) x2 =(.100000), = 0.5
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Integer Implementation (1) 12/16=0.75

1/16=0.0625
3/16=0.1875
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0000 0010 0100 0110 1000 1010 1100 1110 1608105
T b b b T | 11e=00625
0001 0011 0101 0111 1001 1011 1101 1111
0 0.5 1

E,:[0,7]—>[0,15] E,:[8,15]—[0,15] E,:[4,11]— [0, 15]
E,: [0, 271-1] - [0, 2™-1] E, : [2"1, 2"-1] = [0, 27-1 ] E;: [2M2, 3x 272-1] — [0, 2"-1 ]

~.

E1l: [x,y] —[2%,2y+1]

1) = 0D + [ (u-D — |O-D +1) Fy(x ,, — 1)
uM = |- + | (UMD — 0D +1) Fy(x )] -1

Q1 : & AEE ul < 1™ 2(bitgHUR/DI) E2: [x,y] »[2(x-2"), 2(y-2n1)+1]

EX. . _2n-2 _2n-2
Xi=11u® =0+[(15-0+1) x 0.8/ -1 =11 a,:[0,11] P(a,)=0.8 J
— 1 ’ 1 2: '

a,:[12,12] P(a,)=0.02 compressi
X,=3 [I® =0+[(15-0+1) x 0.82/=13.12 ;13 °. {13 15} pgazgzo 18 s
{u(l):O+L(15—0+1)><1j_1:15 3: : 3)~ Y-
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Q1: If1® =7 u®=12; or | =3, u®=8

W =7+[(12-7+1) x0]=7
X=1 { u® =7 +[(12-7+1)x0.8]-1=10

) {|(1) =7+[(12-7+1)x0.8]=11
X=2 1y =7+ [ (12 -7 +1) x 0.82]-1 =10

) {|(1) =7+ (12-7+1)x 0.82]=11
%= w0 =7+ [(12-7+1) x1]-1=12

Q2:

E =-0.810g0.8-0.0210g0.02-0.18l0g0.18

E, = -o.%o.m-o.oz IBQ0.0625-O.18RQO.1875 E,>E?
E, = -0.8%0.8125-0.02 |5%o.0625-o.18 %.125 E,>E?
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Integer Implementation (2)
| I | | I

0 16 313235 39 47 63
(1) E,;:[0,31]—>[0,63]
e.g. [ 001010, 011111 ] E, E,:
10 31 ] S o shift | to the left by 1 bit
[ 010100, 111111 ] BT % (*) & shift 0 into LSB
20 63 shift u to the left by 1 bit
& shift 1 into LSB
(2)E,:[32,63] > [0, 63] E;:
e.g. [100001, 110110 (1) complement the
33 54 2nd MSB of | & u
[000010, 101101] (2) (%)
2 45

(3) E;: [16 ,47] > [0, 63]
eg. [100000, 100010 ] — [ 100000 , 100101 ] —

32 34 E, 32 37 E,
[ 100000 , 101011 ] — [ 100000 , 110111 ] - send 1000
32 43 E, 32 55 E,
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Incremental Encoding (Integer) (1)
Example : input sequence = (a; a;a,a,) E;: [0, 127] E, : [128, 255] E;: [64 , 191]

{ 1© =0 = (00000000), a { IH=0=(00000000),
u© =255 = (11111111), u® =203 = (11001011) , ag

count(a,) = 40
count(a,) =1 | 80/100, 2/100, 18/100 { @)= 167 = (10100111),

count(ay) = 9 40/50, 1/50, 9/50 u® =203 = (11001011) , =2
| o127 | | send.code =1
0 o604 128 191 255 1= (01001110),=78
Q:whym=8,(1/4x2m) +2=>50 { u®=(10010111) ,= 151 E3
R B/ INe] BE G ] B [127 |, 192] =, scale3=1
[63, 128]0%, {54 2E {E rescaling 12 = (00011100), = 28

{ u®=(10101111) ,= 175
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| a, Incremental Encoding (Integer) (2)

I®) = 146 = (10010010),

E2 1u® = 148 =(10010100) ,

send code =10 scale3=0

I® = (00100100, = 36
u® =(00101001) , = 41

send code =0

El

(01001000), =

El " send code = 0

3 = (10010000), = 144
u®d (10100111)2 167

send code =

E2

I® = (00100000), = 32
u®=(01001111) ,= 79
send code =0

El

13 =
u® =(01010011) , =

I® = (01000000), =
E3 |u®=(10011111) , = 159
scale3=1

3 = (00000000), = 0
u® =(10111111) , = 191

L,

|4 = (00000000), = 0
u® =(10011000) 2 = 152

use value I(4) 0

Q: W #ZEH, “100000000’ ?
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Incremental Decoding (Integer)

* Example : input sequence = 1100010010000000

B= (11000100), t = 196

1 = 0 = (00000000),
u© =255 = (11111111),

t* = ’ (t — 1©+1) x TotalCount — 1J
— u®_—10 + 1
=] 197 x50-1 =38
255-0+1
decode a, (since 0<38<40)

)= 0 = (00000000),
(1)=203 = (11001011),

E,: [0, 127] E,: [128, 255] E,: [64, 191]

0 a,: [0,203]
a,: [204, 208]

ag: [209,255]

40
Cum-count = |
50

t* = 48
decode a,

I@="167 = (10100111),
E2 o=

203 = (11001011),
(discard “1” bit)

2 =
scale3=1 =(10010111),= 151

- {I(Z) = (01001110),= 78
B =(10001001), t =137

<H(Z)V: (00011100), = 28
u®=(10101111), = 175
146

/? t = (10010010), =
of t*=40 l:> decode a,

E2

(discard “10” bit) ]1G) =

146 = (10010010),
148 =(10010100) ,

scale3=0 Ju®=
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El

El

E2

El

® = 36= (00100100),
u® = 41 =(00101001) ,

B = (00100100), t= 36

scard-L00 hit)
DU UATU A>4 1)

® = 72= (01001000),
u® = 83 =(01010011) ,

t = (01001000), = 72

(discard-“0".hit)
LS ALY |

|

I = 0= (00000000),

u® = 152 =(10011000) ,

decode a,

T *=0

Tursar

3 = 144= (10010000),
u® = 167 =(10100111) ,

t = (10010000), = 144

I3 = 0= (00000000),
u® =191 =(10111111)

t = (00000000), = 0

2

1 E &

(discard-“1.2.. . hit)
[-(eseara By

I3 = 32= (00100000),
u® = 79 =(01001111) ,

t = (00100000), = 32

| (diccard.“0m hit)
\UIJ\JMIU AV IJIL}

v

I® = 64= (01000000),

u® = 159 =(10011111) ,
t = (01000000), = 64

scale3=1

E3
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