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UNN 3 ﬂﬁﬂ’]ﬂﬂﬁﬂﬁﬂﬂ'lﬂ!ﬂﬁﬂf]‘l&la‘ﬂwﬂmWﬁ‘lﬂﬂiﬂﬁl‘lﬂuﬂﬁﬂﬂﬂﬂﬂﬂaﬂ YNU8YnA7

8nysHazdoyanIW
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NN 4 BFUIWNINITHINULAZAITERNILL  Hardware 9280181 VHDL 4
UseneudienuaINITveIn ¥l VEDL waamsamsadsluea Tassadanieniy uay
A
U9

»
o 9 @ o 9/

ci a = s A = o 9
unil 5 e3uedandanmsnlFlumstudadeya Madeyadidnysuazdeyanin

i

= a &2 W Al AN Y e ) o s
UNN 6 ﬂﬁUTUﬂQBﬁﬂﬁiﬂuﬂulﬂu']u'ﬂ‘ﬁuﬂ'ﬁﬂﬂﬂl!UUTﬂ?\?ﬁ'51\1ﬂ1\1ﬂ']iﬂlni'ﬂﬂ@

1995 tazaulszneunielu
UNAN 7 BFUERIMIINATBULAZNANTNATDL

unf 8 aginansddy dyminuuazdermrusius



VN 2

= Y v
NOYHUIYAVIIANT
& 1R aw ' Aq ¥ o Y w A w9 4w '
Tuuntivznandamgudeyavnmsilsngidesnumstiveadeyn Tagludesdusznan
< Ay ' A q v 2 A o o w ' & v Yy 4 )
tanguteyavnms e linswdalinmwuazddinannude q fdesldinernumsdeaisde

= a (dy Aq ¥ o o a S a9
yaswdsndiasnaasnugunlsdmiungumsiuateya

2.1 MqufYeyau1Ias (Information Theory)

mmsNdesnnuInuasiuiia  Y19a5(Information Source) TUszUUARMILIFY

HUVAN 9 AU 15U

P ' o ¢ .

1) #eisudis 9 veanal iy anuaniulaniyseanea(sinusodal) ; sin M1, cos Ot
d o S o o A w & ' & o
2.) peuwangdanYuveanal uay awmlsandinie 1wy dyaw 9. 9.
Acos(DthI(H—ma cos pt) cos @t

da & Aw =) s [ s w  d
3) WenFuueana Felalsanaedd 1wy dyga Insiem

Y & & 4 w ] s S o
4) Wenvuveanamalw q Mty Falimndiniledd vy dyanoudesssuumaeile

P o o a =) Y] (] [ o A
5) Wenvuveanmmaty 9 Wty uavdaudlsennaedd wu  doanu Insnadd

iluduy
o A

¥
NuYeya Ty RO mAdy g INATATN(Discrete Signal) A9 Ay univuie

s '

asiutuewdudie q 1wy dyauiadPulse Signal) udiledesinTaNduyaMdeIilo
. . . =303 4 a s o v
(Continuously variable Signal) AsufludesnldousiimiduziindiRssfudyanuiadidoneu
9 A ° a 9
udadsannsoriuniosan 14
412 (message) NloUdM19107A1 9 9291 1H1AT0IA9(Transmitter) HAAT QY IU(Signal)
Fd' 1 L] H & o o/ 4 1 1 4 o
Mmnzan AuYedems(channel) Fuiluginsallumninerdyamvinniosdsllginsossy

(Receiver) Tavsoadoarsorniiu iduaie, ome Hudu dueaslugli 2.1



Information Transmitted Transmitted
> Transmitter :
Source Message Signal
y
Distortion
Channel [ _
and Noise
Received Received
Destination < Receiver [€—
Message Signal

U4 2.1 nszvIumsdens

22 anglumsiiuunasuazmsInims

] 1
1 =)

ad ° 1 ; E ~ [ ] & A
ABUAAIDIUIUVIINI (information) T’Ifli’]ﬂ INBTUIBIVIN T (message) MU ¢ W auya

u
[

19 s iflusnnunandavesdydnysiiazini 185 ulszneudrsimaudwuuesdaydnuol M @
waz D Fusnuinuandaiui 1850

s = Swnunandvesddnyel

M = snudduvesdydnyol

o

D = ﬁmaminmiﬁtmmhq

D=s" (2.1)

o an P

Y r ' o o o W @ o -
AU 1TU 11’? S HuszUUAuINATIAGD AD 0,1 ung iJ'lu?uﬁ'lﬂU‘UaQﬁiUuﬁﬂHﬂI M=3 f3UYU

o oo

3

SuLanANYR ARy D = 20 =8 amms Iéun 000,001,010,
011,100,101,110,111 n5a1% A =8 finz'ld Sr1uruvnmsuand1aD) sy 256 ¥1Ims 9N
aun1sd (2.1) deldnen13iu (Logarithm) 511 2 9218

log ,D = log sY = Mlog ., S 2.2)
2 2 2

2 o 4 % ' . ; 4
PITUNTTIN 2.2 sﬂuﬂumw‘l‘ﬁummﬂmmqmami(lnfc)rmataon Content)¥BIUNITITNHUI



s =
2.3 MsTavnmsiagIsasnsny

o o

W a  ifuswoudeuves YANYINTBHIAUANINI(E N0 HTBT I
s s o 1 & 9 [ 3 (]
dydnuaideningnms Milim=1, s=2naqums 2.1) 918 D =2 dnluanuguesin
aMSINY M log ,S=log ,D= log,2=11% S Asn uendou M=2;D =2"=4 anuguesin
A5 M log ,S=log ,D=log 4= 2 uazt 1 S Al uadou M=3 ;0=2"=8 anugues
YA Mlog ,S =log ,D = log,8=3 wwmuldimsiainmsuuuasnisiuning

v o 1 v o o a o § v v w
YBIVINT %zlﬂuﬁﬁmumJmmummmwmﬂmﬁnym(ﬂ{) !ﬁammuummwmﬂtyaﬂmf

(S) AeN
fet1efi 2.1 nsdin1 I s=4feabed nsain2 1% s=2 f8 (0,1)
Mm=2 Wm=4
, ' 4 a 3 Y A ¥ 1 A a J LY
. 1 (message) NNAUU 1A i . U1 (message) Aauu 14
aa ba ca da 0000 0100 1000 1100
ab bb cb db 0001 0101 1001 1101
ac bc cc dc 0010 0110 1010 1110
ad bd cd dd 0011 0111 1011 1111
wldinmsagiu = 160wy 12 184 1mTa1e 9 U 16 uuuguiy
5o D=5"=4" = 16 nuy : nie D=5"=2" = 16 npulaemsly

353AA21M9U19M 15 (Information Content)
log,D = Mlog,S = 4log,2= 4 : log,D = Mlog,S = 2log,4 = 4
ziu1damis 2 ar ¥R mginmsiiiude 4 Tasfiv1i(message)uidazininziiTomamiauld

1 T ow d.dr ' o s o
— MU l!ﬁxﬁ’lﬁ’llﬁaﬂ cc MMNMINATUN 1 leﬂi'i‘ﬂﬁﬂ']ﬂ’]'ﬁl’m?ulaﬂjﬂuﬂﬂ 1010 w84
16

A
THNATUN 2

2.4 A19INANNNYBINIINYVIIAS

o

v ' 3) o o e sE A o v w
fanzu I (message)sznov lUdaei i i dydnvalFudenniuiuvesdydnyal

A uszuy IsusInIAndsuesdydnu el lunusngy 3 26 Aam3ell sy 26 73 uaz

9 s

TisaswauenidufemSedudinld disinannuvesnuginmsvewdaziife



ANPUINTABYN = Mlog,S

(2.3)

& q o a ' ' ' ' a aaa . L. A
l,iJBcl‘h'ﬂEJﬂ'l‘i‘ﬂllﬁ1u 2 ﬂ1ﬂT|l|‘iﬁl'l?ﬁ'l‘:"llﬂﬂllﬂﬁx‘ﬂ'ni]?}llﬂ‘N'Jﬂ!.‘ﬂu L]nm‘iﬂ%“n(bmary digits) ¥i7 @

9
fa  msfamaensivgu 2 dudeelimsndmsiumsdiuan Tagaswegudy 1du1anss

a g ) a s -
MUITONINDNMINNFIU 2 vlﬂ‘inﬂﬂﬂﬂ"li‘ﬂllﬁ’lu 10 A9
y = log,x
x =27

log ,x = log 2

= ylog,,2
UNY y = log,x ; = log,xlog 2
log,, x
log,x ~ 03010

Twhuesdniusianson 1den log §1u ¢ IdrwRsanu

log,e =

log, 2
ome = 288 _ 1
P log2 log,2

tlddydnualnlfmunnuginmsdednde I vinaunsh (1.3) wld

I, = Mlog,S

a o3 [ " [ 0 L] (Y] ) W [ a
NANNTN (2.4) Huanugunmsasyn Taglutdazydelsynaudisdyanyol M

] ¥
MINAIBYIN 1 989015 NIANWPIAITABY NN 4 1M ufe
Iy, = Mlog,S = 2log4 =4 ; I, =Mlog,S =4log,2 = 4

ANuYUNMsAe TNl 1

, = =log,S = logd= 2 ; I, =logS= log?2 =

1

(2.4)

(2.9



M3 2.1 1AAIANNAURUTIZHIN L AU S; (1 = log,S) ; Un

AnuYUasAeddnyl (1) funuvesdydnyl (S)
1 2
2 4
3 8
4 16
N30
S =01 ;1= 1 @ 14mms1d 1 dydnuel

3
I
2q

S = 00,01,10,11
= 000,001,010,011,100,101,110,111 ; I,

9

Ty
2 fin 1ammsld 2 dydny
3 A 141319 3 duy

o o
ANy

1INANAITN (2.1) TwIuinIms D = S aumsh (2.2) ANNINNIMTABN; I, = log,S liazew
i ' Ll o/ o/ o s o/ s ar o _ J

MmN (23) Amgimmsdedydnual ;L =log,s da/dydnuel Mdydnvaiidasmsifiavu

1amefu Sasinsiia(probability)  vednAarduanyinIesasInsinaews 1o 13(a priori

probability)

PG) = (2.6)

w2 |—

a o

a =] [ a o o d . = = o @ )
VInauMsi (2.6) Wisanmanavesdydnusl i Taedl S iWluswouvesdydnysiniemy
H =, J 1 s s ﬂ:‘ dr 1 1 s o \J
maal Nansafau 1 o fudaiuaunsi 2.3) mweinmsdadyanyel ;1 =1log,S 1
A
1 = 1og2ﬁ15 = —log,P() Dasdnydnuol @2.7)
211U 189187 probability 110 1 ties n3oamyvas ([e/dudnuel) dafeoqazd probability

1ML AW IUIMBNYBIEASINSIAA(Probability) 138nA1 1431 AIWYYIIATS



L. ¢ 2 o - . v o
VBITUANHUNUY 9 seansauaaslumeuves ensINTINg (probability) YB3IAINUIBY 91N

auns (2.7) ansaou 1diy

1
2 a priori probability

L= log (2.8)

i 1 v & v W C - f ) ]
vnaunsh 28 ) Hummeinasvesingalszneunndydnvaidames  Tunsdlvesin
msfvszney lufredadnuaiduaugiu 2 swou o O asdszasuduiluinaisves
@ = v a ° & [ v W @ a -~ v o
Fydnvalfzianuuandieiu 2 fuou FurardydnvalsziidasimsinaensTels whiy

¥
1/2" A9UUANNYUBIUITNTININY log ,1/(1/2") =n1UA

a 3
2.5 vuIUMIansmann ( Stocastic Process)
o & A o w W a A o o o" 3 rar ot a P = s
huvinumsFanaadinuarsnysviedyanyl Iasduegiudasinsinanefiozisoniu
' a & A aa L. . a
1 VUIUMTAADAITAN (Stocastic Process) FNANUAINN T DA (statistically stationary) 73
DEINUFUNHIBINGY INTIZTWITAYIAN 9 HAzdIALVDIAINN 9 AWTDAIMUADAIINGIAA
Y a N o a e 1 A o w d ]
Tiu1d Tunudenquniemuidulafa dnedifauinsliledwdn q Taoiusdndn
v k4 ¥ ]
a uTedamidwitin q 9 lildudanell ualugieszeznadundusifedsannianand
- s a = .. o & &
YUIUMSAABAAANFIMMUADATINSINAVBINITIIABU(transition) N drydnuninits 1
s s o é Al .
fndudnyainilausondt « vuraumsmniney (Markoff Process)” 1358 “Markoff Chain” 1ag

o @ o

e =y s as J 1o 1 y J 1 o o
gasInsinavesdadnyailagiuegiy dnvuzvesdrdnysneunthil drdusgiusiuou

4

¥ ' ¥ v
dydnvel M MnreunhilisSenundeduiladydnseliduild cundsduilamsnod $ui u

h 5 [} - ] a [ o 'ﬂ a [V das EY dy =
(M" order)” drunvasiutiagndadyanyaduiludaszonndyanyaidineuntid Gun

1 o & ° e 1 T o oA o a9 w
“UMINNUUANINIAUY (Zero — memory Source)” 1HU nraa Ao Hand W UYea

... dddaaabbbaaacccbbbdddccc . . .

4
19 p(a) = p(b) = pc) = p(d)
LI UTIBATINTNAVBY ab.c.d Au UG WUV IR 24 72
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2.6 WIUAASANIZ (State Diagram)

vumMInsaevinnanlasn1sleudaaaIadn1Ig (State Diagram) UBIBATINTINA
maasundasannzuesszuy

v ¥ 3 [

Hildydnyaiuandduiona s @ vuaumsiniaelsui M fezsdaanng1d ¥
o i Y v & a a he { ]
U 910300 2.2 1aRIAIPENYBITTDUFINEATINITIRA(probability)vaemsilasuniaa i

"o v 9/ [~ P o 1 9/
WU uAazanz ves S sxgrunudisuasnguin msnldsunlasszninanzezunudiy
v Ed
duassnngll sasimsfansnlasuntasesdludsii  P,A) = P (D) = 08 ;P,(B) = P,(C)
=02 ;P,(C) = P,(D) =P,(A) = P,B) = 0.5 U352V Binary AN1I¢010NNUAILIAVFIU 2
19 A = 00, B = 01, C = 10, D = 11 msfnudasimsinavesdadnyalisesiildidensweas
a = '

msinavasmsiasundas 1w

0.8

0.5

0.8

31U 2.2 dreddsannz

B(A) = P,(A) P(A) + P(A) P(C)

. 91INAI9819 P(A) = 0.8P(A) + 0.5P(C)
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P(B) = 0.2P(A) + 0.5P(C)

P(C) = 0.5P(B) + 0.2P(D)

P(D) = 0.8P(D) + 0.5P(B)
ieufanmsez1d

P(A)=P(D) = 2.5P(B) = 2.5P(C)
51331 P(A)+ P(B) +P(C) +P(D) = 1

" P(A)=P(D)= > ; PB)=PO)= & =1

14
. v dcrd r
S ammslunstitiaeeveglugduuy

- AAAAABCBDDDDDC —

Qs o T ¥V e
2.7 ﬁﬂ§1ﬂ1’§!ﬂﬂ‘13~l!°ﬂ1ﬂu

s Y =

[ a [ @ s A s v = =S [ " ]
sasimsinavesdydnuel Tunsdindydnualaralioamsiaews Te ls hiniugu

o e o

yan¥M A las B

— m 1 Y
P(A) = S’ P(B) S (2.9)

Uag PA)+P(B) = B4+2=mF0 ) 435 pin=s
S S S

¥
AU 970 (2.9) AIITVBULNY

P(A) = —r-nﬁ—n , P(B) = mrjrn (2.10)

[

_y " as é 1]
ﬁniﬂ*ﬂ]Tiﬂl'l‘l]’l?ﬁ'l‘itl'l’]*”]ﬂ]ﬂﬂﬁﬂlﬁﬂ‘yiﬁ,A uaz B mwnmsmmi‘lu

o

AL Ay, .uA,..uA,, BB, ., B, ..,B,
] s as S o = ] A
HADS YDA NHUNUDATINITINANIINUAD
_ - r 1
PlA) = P(B ] = = (2.11)
R ¥ m-+n S

[

L] o a o a s & T o
aimaidseneudledydnuol A, ..., B, Mladanitaiiniy
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1
I, =log,s =log,——=log,(m+n) (2.12)

p(Ax)

Taod5ua log;m + n feduduaruginmsqegadedydnusl P@A) = anuinziy

v ow o n’x [y
VDITUANHYU A MIHUA m A7

2711

uag

P(Ax) = Amnzduvesduydnyal A lundazda
m o 9/ v e Y Ca) @ ar
B = sl mundyanyas iy m @l m+n @2
m n

1
mTn

‘l]$l“ﬂ‘14 A

P(Ax) =

N, __m _
mP(Ax) = m rrT gy P(A) (2.13)

A ] ciy o W o
V]3] logzm !ﬂuﬂ'}'llj‘i!“lﬂ?ﬂ"l'ﬂ’lgﬂi’]il’]’]i]ﬁ!ﬂﬂﬁﬂ]uﬂﬂ'Hm A

¥
TwheaReituidessanmaiiaeniTo lsnedmsunly m+n d@niuiiBe

mP(Ax)log,m = T_ log,m = P(A)log,m ﬁﬂ/ﬁ'ﬂgﬁﬂyiﬁ (2.14)
m o}

= a s

n i)

ace .

mP(By)log,n = mj_n log,n = P(B)log,n ﬁﬁ/ﬁmﬁﬂytﬁ (2.15)

2.8 nsmdSinanamanlasuase

vzdeuenmsiineu luavesnsndnmssiudedaydnual

I = 413813594 — YA 1ININBU

1 a

'
Ay

log,(m + n) - Y13M3NINOUY

U

n = s w. Cd
- log, m+mlog2 n UN/ayanym (2.16)

I.=log,(m+n) - [mr_r;_
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vINauMs (2.16) 9a3dlniTasuen

log,(m+n) = ml:ril-n log,(m+n)+ mI-ll-n log, (m+n)
Ii:(m+ )logz(m+n)+( )logz(m+n) ogz(m+n)+(m )logz(m+n)
=-(mn_:_ )log2m+( )logz(m+n) og2n+(m )logz(m+n)

=—( m )lo m—( o )10 1 ]+[—( L )lo n—(nn )lo :
[\ +n/082 \m+n g2(m+n) \n+n’ B2 +1 B2 mebn)

e og, Lo e [ Eo)os, 2]

1o P(A)

m - __n
m+nlmv P(B m+n

I, =-P(A)log,P(A) — P(B)log,P(B)

B
— T P()log, P(i) To/dydnuol 2.17)
i=A

—
Il

[

[ b4
Tuauns 217) Boad1 “ngues usuueunaz hiued” diusinmsndsdedydnyaliifion

5on1 “1euInsil (Entropy) ”

A o
2.9 szyyaamsednagg

' v ¥
Tuszuudemsedadgiidudnual Auaz B vinfunazdnsinisinaves A uaz B fle

o

o

1] v a L] 1 al c& =
P(A) 118z P(B) 11U 1@ P(A) 59571 P(B) 1d29zdpamidunilefie P(B) = 1 — P(A) lunsdl

] A 1 o W o
Immsmasaedydnyaisiu

B
L = — XP(i)log, P(i)

1=A
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= —P(A)log,P(A) - P(B)log,P(B) Lia/dydnual
AuYAI P(A) = 0.2 0% P(B) = 0.8

I =-0.2log,0.2 - 0.8log,0.8

o

=0.72 Do/dydnyol
o =1 9 ar =1 1 14 s s o = '
duhwwasans ez 1dag1l ezifiudn 1 gegaezegi  P(A)=0.5 (Fydnuol A nag B e

w2 lA I = - 0.5log,0.5 - 0.5log,0.5 = ~log,0.5 = - log, 1
2

=1

fra)=1 wld 1

Il

- P(A)log,P(A) - P(B)log,P(B)

] = = T

1 T =) 3 o N 1 T _ J ] a/ 1
v hifiinaniadumeduiunazide PA) = 0 ; PB) =1 3 liilinmsfatuu@erdu 413

[

msmasAedydnvol Welldydnueluinndt 2 A luszuy U abe,...n MsMINATRALR

dansldgasianae

n
I, = — 2P(i)log, P(i) Dovdaydnwal

1—a

L Qa A v o w o = U A a o @ v o o
FINADANVNITITINAYADAYANE M 13901 “ENTROPY” HATINBWITUINIADVAITUANH DY

o

grananazisudydnysininy M ez ldvmssa

I, = —M XP(i)log, P(i) 1a

1—a

a1ed1991 2.2 Tums Teumsegylieenianiedes vziiinmsii lsussgey

b7l

ad o
I35
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tail
;= —M XP(i)log, P(i)
i=head

— P(head)log,P(head) — P(tail)log,P(tail)

i
Il

= e e logz,L - llogzl
2 2 2 2

L diinmmsussyey = 1 da/dadnual

¥
~ o

dodung MotNiUldaTIMIINATIMAUADY P(head) = P(tail) = 0.5= 1
2
#0817 2.3 vesdasmaiia i
! s = ' ] o/ ) { " o e o o/ A at
dledaimsna limiiy Tasiinssniuneiquesdadnuaiiinuau M @1 Faiidan

_ ¢§ ' =) J s dw
M3AA A=0.51;B=025;C=11;D=0.1;E=005 %30u0uv83U13019NAvUAa1l

... ADBAAEBACBAAACABDAAB ...
i E
Y1IA1TT I=—M X P(i)log, P(i)
i=A

=—M(0.5l0g,0.5 + 0.25log,0.25 + 0.1l0g,0.1 + 0.05l0g,0.05)
=+ M(0.5+0.5+0.3321 +0.3321 +0.216)

= 1.88M 1@



UN 3

s =) d
HANDTINIIAUAA T

ia 3 d 3 g
Tuunilszndnfandnnisnendiamaniils Fingadeenumstiudadeyanamsiiy

£ =S =1 a9 ] =) d 9/ =S =a o _o_ W
adeyanvugdonazmsivdadeyanuy ligayde  iwWelvmswislewuazdisinanim
' oy v o Y o a J 4w g
a3 ) Mdesldingadesiuadiasmdas lumstudadeya
1. adamaasdmiunsivdadeyanuugade (Mathmatical for Lossless Compression)

2. adamaasdimiunsbudadeyauvnlyquide (Mathmatical for Lossy

Compression)

a d o U o/
3.1 aslamansdHsumsDusadeyauuugady(Mathmatical for Lossless

ompression)

=1 A H o &
auudAdusilingmsel A FeAeyAved outcomes YBIMINARBIIVUGUTIMIUNTY §1 P

(A)ﬁammﬂwmﬂuﬁsﬁmmmsﬁ A AMNUQUNIMITVBUNgNIl A

i(A)= —log,, P(A) (3.1)

Iogb P(A)

auyaliivansol A uaz B ifludaszdeiu anwginmsveungmsal A uay B

ANNTUNUAIANNT

o ]
i(AB)=log, P(AB) (3.2)
d' _y T -7
1iio A oy B 1iudaszaein
P(AB) = P(A)P(B) (3.3)

oz

. _ 1
i(AB) =log, P(A—)PfB_)

= log, P(A)+!%b 5

=i(A)+i(B)

(B)
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tilida A Tandniiludaszdenunaz A Humndaitldonmsqudoyadmua

MWiiluiga
Ja, =5

H ' s U A 1 d‘. ' J 1 as
idle S iWungudeyadiedis Frundoarwguesdoyatinms(self-information) 9w upgiu
HAYBINISAN (random) AI9E1TEYR ANRAIAINYUEITEYAVIIMITVBIANFN A, 50 A

uInst mnsoweu @iy

H=XP(A,)i(A;)=—2P(A,)log, P(A,)

1 y ‘g 1 o/ 1 ] i
uazaneuTnsililszusgiumsqudoyn uwuueu (Shannon) Muaasliiiiuideyaiiqu

L]

Ed v
A v 1da A usueuInsthilumanuginmsmasvesnugudesredydnyives

Aot o 9

unasduia nazannsanaasliiiuitadesimavguaesiainge lunstusadeyauny

Qe (lossless compression) vz iguyAuAneu Instvesnasdoyaiiudae

= 1 [ s d & A = J P " a
tilnqudydnuel A FalowSondn “alphaber” Nifluumasdeya mndn A =

A = dw
{1,2,...,m } Fumudredoya X = {X,X,...} euInsivesdeyailfe

L]

H(S)= lim 2
n—»00 =

G (3.4)

n

<
YUEN
i-I =m i2=m i,=m

G, ==, Do DBy =i Xy =iy o0, X, =i, ogP(X) =iy X, =iy +n,X, =i,)
ih=li,=1 =]
1 & 1

ag

I~{ - ' s =) 1 s
{X,X,....X.} Hluvmeanuenvesdeya n doya fanfaudazdniudaszdeny

l.]—m

G, =—n ZP(X, =i;)logP(X; =i;) (3.5)

%

n’/’ " = =) 9
nziuAneU InsUeziVouumuaie

45892
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H(S)=—2P(X; =i,)log, P(X,) (3.6)

_ 1 J 1 a/ o s 1 ~ o s [ y
Tasinaudanueu Instlezvuegiulnsiadsvesdraudeyadie 1su fusilidrudeyadail

1 2323454567898910
o w9 ' A A ' a _ 9 ' w
nndauteyanz1d n =16 uazmaruinienruniniuizifaiiuvesdoyaudazda

P(1)= P(6)= P(7)= P(10)= ﬁ

P(2)=P(3)= P(4)=P(5)= P(8)=P(9) =1—26

3
=)

o ' = 3 )
Insamusmaieu Instvesdayayail 1dde

10
H==—2P(i)log, P(i)

i=l1

]
=— —l Lo Lo el + Ly
(161982761 16 °g2 16" 16 1085 16 716182 16

2 2
= —+ =+ = =4 = —~—|——— + log, —
log2 +1610g2 16+16 !og2 16 log2 og2 16)

168276 " 16
=3.25 T/ dydnual

T

¥
ALY DINAIRiIsTaINsaunus I 3.25 dadedydnyal

a d o s %) !
32 adamansdmsunsiusadeyauuyligade(Mathmatical for Lossy

Compression)
3.2.1 Conditional Entropy
muald x dluimdeduiadeya Taoh X =ix,, x,...x,} wazli v dudoyn

3/
fignadelmi o X was Y =(y,, Yyt 19192 1AeneuInsTvesiie undsiuilade
ya uazdoyaiignadrelmilay

N—1

H(X)=— XP(x,)log, P(x,) [3.7)
i=0

2
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M—1
uog H(Y)=— 2 P(y;)log, P(y;) (3.8)
i=0

o o o d v 1 :
MIIAANNTNNUTIENIN HX\Y) (58031 * Condition Entropy » fiitoya A fiTena

wINAIIAY P(A) AU IA5Yeedaya A (self-information)e s nidiou éfe

1
i(A)=log| — |=—logP(A) (3.9)
P(A)

<~

TushueuRinuiiideya A HTemasziiaminy pA) nazdeya B HTemdezifam

“

Y

AU P(B) ANYUNIMITVesTaya A\B msnitiou 1ade

g

1
1(A\B)=log| — |=—logP(A\B) (3.10)
P(A\B)

= 1

uadanaulefeAunaenmUIMSNTENI Condition Entropy UeIunadfutiadoya

]
=

(X) nag Yayananadialni(y)

g1 a

H(X\Y)=—. Y. P(x, \y,)P(y,)log, P(x, \¥,) G.11)
nag H(Y\X)Z"i Z_P(X, \y, )P(y )log, P(y, \x,) (3.12)

1=0 j=0

& v o d i a ) w i
99z 1AW FUUFUB4 Condition Entropy 11 Entropy voaunasiuiiadeyadeaunsi

(3.13) #38 Condition Entropy 9¢¥osnduenInsilvesundsiuiindeya

H(X\Y)SH(X) (3.13)

¥
=) =)

aegalumsianudloiugiunisiiveadeyauuugadotlossy compression) 1

AemsanasmaudaniisdAydiniwestoynie miynausunisaddeyanmife

& a a 1 a & a o a T oA g 0
Fatvue 8 daderinwadaozii lluaasuusemmundinuia 6 dadannaa duvila
Tagnsaaduaudentvivdwydinalundazinyans 2 Dansushinisadsninlluaas

&L o aaa A A y wet a a Y
"]Nﬂﬂll']'ﬁﬂTi?]lﬂ’]5]3ﬁ"]uﬂliﬂﬁsﬂlﬂ(lﬂ“ﬂixﬁﬂ'ﬁﬂ1wlrlﬂﬂﬂ31
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- ) s ot é
auydlddoyanvioui 4 Saunudeyadydovainiiniezadiedoyald
{0,1,2,...,15} uazgdmuaiidesdudadeyalilivuia 3 dansezadradoyald

{0,1,2,...,7}oziiiu 183 deyaieniyn hiawnsaaredoyalmildimiloudeyadunn 18

3
o

) Jd P a o 1 A Aa s & o 4
aaiuseglszinuveyae iy lasmadeuda  ludwmisdaniinnmd vy iy 1

k4 ]
Tansendensgudeyaeninndis 2 duiudeyalminld (0,2,4,...,14}

nnunasiutiadeyn  PX=i)= ll

p :1€{0,1,2,...,15}

b4
Ao Instveumassutiadoyailfe H(X)Z—Zﬁlog-l%zlog16:4 fin
i
1

andulumsadudeyalni  py=j=px=p+r(x=i+1= é#—i =3

uaz Aneu Tnstlvesdoyalvi H(Y) iy 3 9@ 1511 Condition Entropy ; HX \ Y)

fuiludemsuaves px\y) namsdhsiaveamasiuiindoyaiondradoyaln

I .. S .

= ifi=jori=j+tl1forj=0,2,4,.,14

Pl jlr=iy=< 2 PR !
0 otherwise

¥
ANTUIINANNTT (3.9) 1518115011 Condition Entropy ; HX\ Y) 18

H(X\Y)=—2 Y P(X =i[Y = )P(Y = j)logP(X =i|Y = j)
HX\Y)=—Y [P(X = |y = P(Y = logP(X = {Y = ))

+P(x:j+1iY=j)P(Y=j)logP(X=j+1JY=j)]

legl]

1
T
28 72

10l
&5

3.2.2  Average Mutual Information
mmmnsamiIvestadedydnyal (Entropy) vesduilsay 2 dudsiGond

“ mutual information ” ulﬁ R

_ B(x. \yj)
1(xk;yj)=log —— (3.14)
P(xk)
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1 v ¥
Tagnaunaguesd1uIuTIT TN “ average mutual information ” A IsafmMuA'ld

Tag

N—1M—1 P(xi'yi)
(XY)=2% XP(x,,y)logl ——— (3.15)
b i P(x,)
i=0 j=0 '
N—1M—1 P(){i |yi )
=3 & P(xi‘yi)P(y-)!og =y (3.16)
o 3 P(x,)
i=0 j=0 i
INANNIT (3.16) 15105 UeUDE 1U31UDIA1 Entropy 1182 Condition Entropy
N—1M—1 P(xi‘yi)
K=& XPiiyes ——— (3.17)
. s P(x.)
i=0 j=0 1
N—1M—] N—1M—1
=2 X P(x;,y)logP(x;|y)— X XP(x;,y;)logP(x;) (3.18)
i=0 j=0 i=0 j=0
=H(X)—H(X|Y) (3.19)

v . =] T v =1 '
1NAUNIT (3.18) AN average mutual information Afo WaR19UBIA I INTUBINAY

AuHARY Condition Entropy 1iued nSamunsaioulnyldiiy

(X, Y) =H(Y)—H(Y|X)=1(Y; X) (3.20)

3.2.3 Differential Entropy

= =

d' ] = 9) 1 o = 9 n:; UL d'i <
vinfidunudunisanyideyadunnnioundsiuiadeyad liseiileadiscrete

u 9

1 Y 9 =] =Y =1 a9l =S " o A g
alphabet) lmaluﬂmmflm‘num MIANHUNAUANTUVIAVIY ANV VY ULINY UVAINUUADUD

X 1 ] 1 3 LY “w = U o - 9 1 A’l
yadaulngez ldifluediain  luiideilvzuaasdanasduiiadeyanuuseiiios

o " g ° a o
(Continuous) AWM qU(random)ifiondeyan3eamlsunihmsins ey

TuradenrunIs MIWIIAIMYN1Ie3 (sel f-informtion) Yoadsuls x #iil Tenadl

alunsalvedanlsgi(random variable) Yoddeyauuuae

viia P(x) Hanilu 1og (1
p
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1 ¥ 1
ieanda P(x) = 0 AnTuam M lunsdifzmiiueiud(eo) nies liamisanm

AT 1R UIRY

ad P & 0. q 9 ' < ' ' 2 ¥
'Jﬁcluﬂ'ﬁu{nll Entropy ‘]f\wgﬂ"lslﬂls'lﬂ'lﬂ'llﬂﬂﬂ'ﬂﬂq ﬂ‘]ﬂj_luﬂﬁn?ﬁ'ﬁvlﬁuu lﬂilﬂ‘lf

o S 1A 5 . o o aa . P
Hﬂﬂmi"UfJ\iWiﬂ‘lfuﬂ@)!ui)d(contmuouse function) Tﬂﬂ"h‘ﬂmimﬂuﬂﬁuﬂ(hmlt) YoaTlanTULY

W x  Wludunlsquuunderiies(continuouse random variable)la 9 Aamnheziuves

HafFuaziFonin pdf(probability density function) ; £ (x)

W A fuseszwinswesdunlsgu  Taolundazarawesdalsaqu x

[(i—DA,IN) Fotu

f ()n:i )A = _[(iilm B (x)dx

smuald x, Wusdnsquiun lideriloa(discrete random variable)

P(X, =x,)=f (x;)A

3
Aty Idaneu Instlvesdaudsau; HX)

o0
H(X;)=— XP(x;)logP(x,)
i=—00

- |
=— Xf (x,)Alogf, (x)A

j=—00

o0

=— fo(mog;m—‘ 2% (x YNogA

=— i[fx(xi)logfx(xi)]ﬂ —logA

j=—c0

=)
Ao

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

1A A 4 ' s ; 1 s A
ldaia A —> 0 luaums (3.26) ¥38n31 “differential entropy” VYoIUMAIRULAYD

YauuuAeIiad(continuouse source) WHUINUAIY h(X) 1214
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h(X)=— [f (x)logf, (x)dx (3.27)

—00

fret  auyddalsqu X Insnsyasnuunuuaiuanelugag [ab) A1 differential

entropy YesAulsqum Idvinauns (3.27);

h(X) = —[f Jlogf, (x)dx

=log(b—a)

A9619 auyddsgu X IN1INILUNVY Gaussian pdf

9
@911U diiferential entropy @11150%1 18910

T 1 (-’ 1 (x-p)’

exp - 5 log exp- ; dx
2MG” 20 Vano? 20

[oe) 0
] (x-L)

—log —F=——= Ifx(x)dx-i- _[ logefx(x)dx
Vono? w 20°

=t 2 d,
—-2log2’J'EG +2loge

h(X)=—

2%10g27'5e(52

o ) 1
184 diffential entropy ff'l‘HﬂJﬂ'liﬂ‘i:iﬂfﬁjﬂﬁ’l’é)yﬂm_l‘ll Gaussian ﬁ'll%lf’q&ﬂﬂﬂﬁﬂizmﬂ

yosA s guuuuanities asnaasluauns 3.28
1 2
hix)< Elog 2TeC (3.28)

= 7 o o a [ 1 4 ar
myngoii ldTasnissmuamsnsznevesinlsquuuudenios 2 @fe £ (x) 1oz g (x)



0 0
= ffx (x) logf, (x)xdx < — I £, (x)loggx (x)xdx
—o0 —c0

ra '3 ' 9/ 9 T & l
9z lingeauns (3.29) Maumsdeiesniiaumsunilesdisls

o Y = o . S
fvuald gx(x) UNTATEVYUDIVDY ALY Gaussian AIUU

o0 el
h(X)<— _[ f (x)log ] =l

exp— .
o0 Vano? 20

0 _ 2
=L 10g(2m0%)+10ge [ £ (x)——(X L
2 2 2

= 20

dx

lo
leog(ZTtO'z)-l- £
2 2

€ @ 2

7 | B
—00

_1

= log(2TteG )

24

(3.29)

& a o
AT IR ETLE

(3.30)

i v, Wumdun)sdunun hiderlea(discrete random variable)milou X, udusamnse

naasisiu g

HXN\Y)==2 DI, (x,\y)f (y)logf, (x \y JAA—logA (331

i==—00 j=—00
1 5 8 ° Y
LAY A1 averrage mutual information veimua ldiy

I(X,;Y,)=H(Y,)—H(X,\Y,)

)
= fo(xi)Alogfx(xi)

1=—00

i=—00| j=—00

(3.32)

(3.33)

s [ 8, (X Ny (v log £, (x, \yl)A}A (3.34)

lF A >0 1xy;v,) Me@oulditu 1 v), mewluaunishi (3.33) fagilaudu h(x)

naz menluaumsi 3.34) feziianilu h(x\Y)
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I(X;Y)=h(X)—h(X\Y) (3.35)

3.2.4 BaNN15984 Transform Coding
arsnswaresuduIngsziflunmsnswaresuFaudu (linear transforms) Taw

(0 yiludoyan Idnnmsmnuanesudoyadunm () Aeuiuarwdiniuidsaums

N—1
= NEE (3.36)

1=0

0

‘& U - ; as
FU39n31 “forward transform” uazdeyaduwn {x }Hmwisoadwnduuilaens

nsaresundy (inverse transform) AANUNIT

N—1
x,= 20b, (3.37)
i=0

MINT AN UV IULNUAIBIING N
0=Ax (3.38)
x=B0O (3.39)

P a o IR~ o ' a a o
e A oz B fhummsaduing NXN uag G, j) Hudwmisvesmnsnmelunmsng

uaziivualag

[A]. . =a.. (3.40)

i %l

[B];,j =b;; (3.41)

[ a o g a A a
Msnsuaesumemsnsarssunduveuunsng A uay B tudusuneda Fenunay
w = a L4 LR o . . <
fulng AB = BA = I amzdl [ ifumnIadiendny (identity matrix) Tuaunisi (3.36) uag

(3.37) Wlums nswalesuvestoya 1 @ (one-dimension)
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iU YayasIMaInIdud(speech ,audioarminsuaesu Sanusudumnlunstusadoya
" . e o aa 2 e
NIN(image comprcssmn)cmﬂzli'flu nMInsuaesy ‘Uﬂq“ﬁ'am 2 WA(two-dimension)
Amua X, Taoh (i, i Wudwmdsvesfinwacixel ) Tugtnm  Tawialy

ﬂ'li‘lﬂﬁ"l‘l-lﬁﬂﬂﬁ! 1y 2 U4 ‘llf]\?‘]Jﬁ?]ﬂ’UU'lﬂ NXN @15 00gUINUAIITUAT (3.42)

N—1IN—1

O,=2 IXa (3.42)

1,j71,j,k,1
i=0 J=0

o o q’j aa a LY =3
nsnsmaesumusoneniiaieaz 1 Jalas msnsuaesuanunaldasunauniudana
° v o & AN Y 1w a an A 9 o o as =4
i ludvesnadus Fanan Idm1nunsii 2 16 dedean1sviinsniuanesundy Ny

o o & ) o P 7 2 o
ernnnaeaud uditahludveanns  msnswalesy dnvazimusolsuunu

AWAUNT

N—IN—1
Ok1= % Za X, (3.43)
i=0 J=0
Taonguivounnindg uda szidouunudig
O=axA" (3.44)
110 inverse transform AVYUUNUAIY
i
X=B®B (3.45)

M3 transform YNAUNNE1INT 5031 “orthonormal transform °lugﬂuuumi transform
v

=4 = s o 9 v ;
NHUZU ICUAUTUUA AITUNITUNANY
B=A  =A (3.46)

] b
Modi 3.1 muydiianwdniuivesdeyasyniieniugaHeightuaziimiin(Weight) #a

naaluaisen 3.1



M5 3.1 Original sequence

Height Weight
65 170
75 188
60 150
70 170
56 130
80 203
68 160
50 110
40 80
50 153
69 148
62 140
76 164
64 120

27
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200
180
180
170 " =
160 — »
150 — .

140 —
130 — »
120 — -
110 — .

100 —
90 7
80 T “

L4

10 20 30 40 50 60 70 g0

v 3
511 3.1 Manwduiussenieanugaaihmin

P o 1 i W a 0 Yo
diohdeyaluasiei 3.1 sendnanmganazihminu@ouns ez Iddaansly

1 & o o
;U9 3.1 FanTiuvesdeyaiznsznesen q du y = 25x  Midannsasinsutag

(Transformation) l'liﬁgfl‘ld.]‘i-l
0 = Ax (3.47)

Tavh x fludeyanaaes 2 ia aunsod@ounnuldidy

Xp
X = (3.48)
&

= [~ 9/ o Aad :‘ @ o W 9
Mg x oz x, Wudeyannmes 1 Banumuawgaasiminawddy 19 A i

I o

NI NENHINIF1UA9(Rotation matrix)

cos (I) sin(b
A= (3.49)

a —sind) cosd)
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() ﬁ'lm,gmzm'wunu x , W@ Uy=2.5x uag
0 %
= (3.50)
0

Tunsditinasnnaummumiadg A awnsadwn]dnn y = 2.5x w3e tand=2.5 ilomia
YUz 18 ¢ =68.198 , MIA1 cos 68.198 =0.37139068 , sin 68.198 =0.92847669 92 Idlum3nd

A Ao

0.37139068 0.92847669

A= (3.51)
—0.92847669  0.37139068

ae'lAvzifuvuaunslunisuas(Transfromed sequence) Sanaaslua1siad 3.2 1d
oy aﬂ"lﬁ’mwaaﬂmﬂﬂﬂmuaﬂﬂmﬂw 32 iemddumsudag HodUnNg NI
#i 32 iifev hmsudaadiideyaureaiisudugud 2 M vn“lmﬂaﬂmmmmwua“]ﬂﬂsq
wite A HafDA1TAATININYDITBYAfBDUIITAuBan1sUAs(inverse transform) Faunu

fn A"

3 cosd) —sinq)
A = (3:52)

sin ¢ cos ¢



M319N 3.2 Transform sequence

First Coordinate Second Coordinate
182 3
202 0
162 0
184 =2
141 -4
218 1
174 -4
121 -6
90 =7
161 10
163 -5
153 -6
181 -9
135 ~-15
A
m — o
5 —
»
®
=& ¢ @ r Ty T

U 3.2 dulumsnswaesy

80 90 100 110 120 130 140 150 160 170 180 qgﬂ 200 210

»
]

30



nsard1adeyanduAt(Reconstruced sequence) HaAdAd1UA131991 3.3

M15199 3.3 Reconstructed sequence

Height Weight
68 169
75 188
60 150
68 171
53 131
81 203
65 162
45 112
34 84
60 150
61 151
57 142
67 168
50 125

31

=1 = - 9/ =y J & s as 9 as
mnm'mi]:m'u’ammmwmﬂmmawagmnmmm‘smlaﬂmu muﬁmmmﬂuwuﬂﬂm

aunIg

Taod {_} ifudoyadiadrenduiu

b = {Gi i=0,2,4,...

1 0  otherwise

(3.53)

(3.54)
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[} ¥
111594 Transform Coding 1} 3 Yunsundn fedeya (x } szgrinisesnidluuden
Ao ' g o d o _ fy = -
ftlvua N Taelunsazudenszgninmesnsuanesy luawd ;0 ) Yuaeuiivesdion:

9 ¥ v
Winsaaoulad(0_uazduneugavheieifeyannduneuiices limsdsimayTy

‘uﬁ'(Entropy Coding)



Unn 4

Mu1IPFALLA (VHDL)

YN
e¥Ausa (VHDL) §9119107191 VHSIC Hardware Description Language (VSHIC :
= 4 s =
Very High Speed Integrated Circuit) Li‘_lunwmﬂﬂnmmaiizﬂuqa (High Level Language)
vHDL ifunlFlumsussnonseeiuregduuumsihaunazanuduiutvesgingo
s o, o o v aa So 9 Z 44 ﬂ A
asasneluszaunmandisyauAlaeanFudou Netitied91n VHDL 1umsiniuvune
¥
Tumninnldluns@eunuonsiiauvesglnsel Snvadalinamdanguuas higndiia
TaganuansanumaTuladlag ldszndanawmazaldsielumsesnnuy Taldil
o 9) o 1 = =1 9
msihnldiueeninensdunmsgammnssy sluuuveamueyauealszneudiy 2
daulngn 1duA dauvesnmFiniuiFua(Sequential Language) HONMIABUINDSITUIT
¥
(Concurrent Language) M3 11sunsudonimdevAueaamisotou ldnsassgduuusuny
¥ 1 "
UBNINLAINYITITT0B TN MTIFeNdeTTINTE U udes Ao wie T usy
9 o v o :1 3 W A
Tng lIRuazansadmuagluunlaonsol(Syntex) BnsdaiingasIToUAUMINBULY
1 o % A o o = = 9/ 1 )
NNz FYaN(Simulate) 1an3e 1 mszTUsunsunwsuTagdesdusadesiiumsdyan
" 14 ¥
Mensavaaun1sviney aztulunmsaen Ind(Compile) zinsaTivaeuneIe9sILaL
= o a : ' ] 9 o a ) 4
FYaFUFUNUAN(Semantic) 9819 15AMWUTAINY 9z IAIINFUFBU Uz UILDLAZ AINMA
U P = i d a "o
Yoan¥1 uansiFeudiiivaneduvesnifawnsoi ) 1FauTaghisuiudeednun

¥
5190LIDIANINUA

o &~ =
4.1 sz IAlea (Introduction to VHDL)
Tugaggieuvestl 1981 aotiuiedlesiu (The Institute for Defence Aaalysis) 1u
[V = s n:g o 5 -é d‘{ ° o dr -
ansgaimldvadsnnziinuduanznie iWeiimswannnwnlFlumsusseense
- o s a IJ o
ssuwguuMsInuazaudniut vesginsalarsansuuulmivu mansinuves
. Ay g wa s s A
anzhnugail ldne 1MifanInsussewasansyu 58031 VHDL (VHSIC Hardware
. . ! r ¢§ s ﬂ{ o d'. s
Description Language) Tays vHISC 1Huedevssnunvilavssanniuivinnumneiiy
2995530 NAMWE1g9IA (VERY High Speed Intergrated Circuit) aow11uil 1985 IEEE 13
msuanauld vEDL nmaflunmniiduiassunaziimsvensususdiandeuaglutens

PATIMATTUABNNAUADS AI0AWAWITOVEY VHDL Tudiuvesnisimuangangsy
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¥
Mshauveses iliinesnuuummsasuagiuuungAnssumsiau ldnnsves

avsaenna 11 nazluszuufinandreiueen T 1y nodAnssumsinuvesssuusainie

v
]

WoAnssuMINIuvesTzumaievislulszamluaueyudld dedndnidifyves
VHDL ﬁﬁﬂmyﬁ’:ﬂzmmmgﬂ1ﬂﬁ’ﬂaaﬂ1unnq szdufuveansesnnufisaiulg shud
°luns:m‘umsaaﬂuuuéfqmiszﬁuqmystem Level) wﬁas:ﬁuﬁﬁm'jw@owsr hardware
leve) amnsaldnmuudvaiuldTasanen 1f‘i1°lﬁuﬁuﬂszﬁw§mw1umsﬁm’aixm'wnq'uﬁ

yhamswiu ldidusdned

4.1.1 Y@ 1%iua (VHDL Requirement)
Tuien®15v89 DoD (Department of Defense Requriment for Hardware Description

3 o

& > o w v A
Language) B0anu1 udouuniiantl 1983 laasdodmuadimsuniy vapL 1l

4.1.1.1 anwauen i (Generation Features)
1915984 DoD fmua 1491 VHDL dhunmdmiumsesnuuunazussey
é - s
YoIas Ay mwmﬂﬁammmmmiuﬂ1saﬁu1ﬂ1!ﬁzaan11uu1uszﬂui;N AwaNITalu
9
A58 (Simulation) ﬂﬁﬂuﬂﬂzﬁ(Synthesis) HAZNIINATBU(Testing) UBNINUU
v o 9 o @ o oA < o a v A
VHDL Uagnﬂmuﬂ%mmumsmsmﬂmsmmﬂa JEUVIUDITLAVINNDNAIY 1119401011
° aa a o v d 4 L o
MINMNIUVBITTVUATABNDITI) N9 aaﬂﬂszﬂanmﬂ"lui:uu‘lmwmﬂma‘lmyﬂ::mdmllﬂ
o o kg & y - 2 Jd.ﬂyq o w5
Wiouq N @ luiFeavesnnunsoumisalumsinuiided HYBMHUANTIAYDYNN Y
lu vEDL Meovuny @wsulunwflFlumsussersersanisuds aumdenmwssaoy
" ¥ ¥ 3
Hmﬂﬁmﬂq e aedsznounm N3999TA N wninndgiananue asiuluaeuig

udnszgmiloudt TafiasUfialuwiouq fu)

4.1.1.2 aUayuN 50eNUU ULV UE UM (Support for Design Hierarchy)
o s 3 s ‘:; af T A s ::d
msesnuuudwudy udrvuriiddyedanilsdmiuniseenuuuiiil
va1eq seaulunisesnuuurlseneudediumsusseemsFeuasuazdIuNIUTTIY
ET | o 9 A o =] o Yy =) o
nimsiu mihfinsihaouvesssusimmsaimualddisauiesmiegnimualag
Tassadenlszneudivesiilsznevdes adlyIdisuiu udisedudagaesdszneudes
pnussersmiinnaiinudtediueaa hisunsadmuamsyauTaednyazuny

Tassadald aasdn 4.1

aq
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STACK ALY aoo
0ao
COUNTER goo

ALY
ar BIT [se 6] ar

ALU_BIT

nux 00 Locic

MUX

B8
ooo
ooo

1 E4
FUN 4.1 naasdded TR NI DILUA R LTY

4.1.1.3 lau513 (Library Support)

9t

Ny o Yy A A o <
VHDL ldmiveyumsiilausidieszuunisiansiia deenuuuannse
o o e o4 Y Y = - 3 ot
Amuadnyuzuazmsiauvesglnsaidugu luszuulauss wiew 14 lous5aiszuu
18samson 13udi 18 Tuaanazmsussovigndesnsvzgaifiu3lulans s ndenild

Aumsnen ndiseuseond e Idoonuuuausug aunsai 14188

4.1.1.4 A1QUMIFY (Sequential Statement)
LT a A o n'a - 9 =] (Y wa:i
wihmsdfiasidanienszuaunms TaondeumSsafusdugmantan
9 =1 o as = a Y o v o w
@MYyves VHDL Aam danuesds ldinmsdamSsudnyazmsmuauuudduida 1315
Mg iedeenuuy Idimuamifuazesdlszneuihaundeniuvesszun135eudesnda
£ e as T | o £ =t 1 J
Heonnvuiiiainsaoussmemhimsihauduiiusvazidvameluveadazesfilszney
s = [V = & A ) v %
TahudnuuzeafunmsdouTsunsufivszneudioTasead 19 case if-then-eles 1A loop
W9 W msussnonwuidushidailimsesnuuunihfinsinuvesetnsalnsyii’ld
v cg v a 9 n’/’ g ﬂ o 9/ =
azaIninzdIe ode lsnmuTaseadeianuaves VEDL Adenuilunsiaundoumies

AUIBFUIAN
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4.1.1.5 MIHIHUARMANUA (Generic Design)
o a o & A g ' a wa
uanINMsimuadunniaziomynudd Seulvdug AlinadenisUfiia
y ¢ @ < v o 4 Jdd = .
mihiiwesginsaissanidiarunu  AensadernminadouuazanyuENNNMoNINYBY
Y ]
gunsaiiug mrdmiuniseenuuuianisezamisalifesnuuudimuaguaniaves
gUnsain141dd0 1y munsodmuaving dnvaenienmenm na1 Traauazi@euluma
H ° wa g ] & da 1
anmmnadenduq anuawsalumssmuaguanidaniudiunileifieglun vHDL

FAreruny

4.1.1.6 wﬁﬂmm%’aga (Type Declaration and usage)
VHDL amnsasmuaviavesdeya hifosnayiia BIT 1iaz BOOLEAN
¥
wintu ugdsrnnsoimuariavesdeyaiuimawdy suauese yanatiounazsiind iy

o A ¥ 1A v &9 R 4 a: dnw
M3 (Enumerate Type) n3ausiuarinvestoyandeonuuusmuayulamwen’la

4.1.1.7 I)sunsudes (Use of Subprogram)
anuamse luns I5iedsunas Twsdiees (Procedure) 1Hudaimuasnegig
4 A o ' o a 9 =
N luVHDL 1s1minsonegldTlsunsudeslumsnlasunlasyiiavesdeya msfdimua
¥
1 a o as o 1 Y U 1 a 1 9
MU28YBIARIN(Logic) MIdMuadInTeiaeg Nunuaslminiees lsfa lfsuasny

mMsweuTysunsuialy

4.1.1.8 M 3MIUANLIAT (Timing Control)
VHDL eugialddesnnvuansasmuanailunsaeiudeyanso

o ¥ v v

yauldamdeansmsasivdey MIvenuuLIng MiansutRaNTmTINTEY 14

] Fd
Tagmsimuariananiueuniedmualiiinissenssvanisal(Event) uonv1nilds

o s a nya 9
amnsnfmuagduuuvesdyauuniini ldandqe

4.1.1.9 msmuuauuuInsaa$y (Structural specification)
o 9/ o o 9 W
nsfmualaseas wuesesdllsznesuamnsonseitldlugng szduves
o Y s A a o ] v ) A
MIIRNIUY MIAIYUA TATIas 19UD909Al52NoUT N ANAINBIRUsE AR UERENA NN UNS D

A o d Y o 1 £ [
IMuauUnNy mﬂumam"ﬂuﬂumsgmamwuﬁwuﬂ'u
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4.2 ANNTNITOVBINIHIIBTAUDA (Capability)

- A9M1¥1 VHDL ﬁmwn’]%’lﬂuéﬂﬂﬁ'N‘lunmmmﬂ?ium:m'mﬁ’wﬁm%wﬁ'u
Aoaniu (CAD Tools)

- Mfudenarslunsuannlasudemssznindied(CAE) HazF19Aa(CAD Tools)
uAINIFea 1AA(SOURCE CODE) ved VHDL mmnsonenIndlasldaenIndiaes
(Compiler) Haz@yiaIe3 (Simulator) TAvatedaana19iY

- MM VHDL mfuayumsoaniuy uuudieila121i(Top Down Design) Haziu
1iNNONON(Bottom Up Design) w?anﬁnﬁuﬁy’wamuu

- gany1 VEDL Sunuusia 1(Generic) g uma TuTadsulasunils luvnzidsisu
Aarfuayuraten maTulad

-@n w1 VEDL annsosmnazsinnudle 18 Tasuyud

-ﬁﬁ/llﬁ‘l,guﬂ'Iif]ElﬂM“U“U‘f;:ﬁizUﬁ‘?&Tﬂiﬁﬁ(Synchronous) nazerdalasia
(Asynchronous)

- ¢n w1 VEDL funmunasgiuiusealag IEEA oz ANSI il Tuaaiiesnuuy
Tagmu1 VEDL annsamaeudie ldszunlan 818 nazamnsmihndumn1ding 14

="

= b N r'e w Y o o ar Al 3
- mnsoeu Twaa ldvwa lisiia lulidesinaludiniyiiesvuinveslumea @u
agiuzeming)
w a 2 9 = = o .
-n1 VHDL avfuayunmsifouda 3 giuuy 1éun nuofieniiees(Behavioral Style)
9
HuaRsAeTa(Structural Style) HuuA INaT (Data Flow) nSeemnsaousiuduldsia 3
PRUITSTRY
-mivayumseanuuuyuiaIng Tasldarmamnsovesaauilszneu(Component)
P S
‘WQﬂ‘HHTWi‘MﬂEﬁ(Function Procedure) lasinaina(Package)
a LY { = LY o v '
- T TUI0A S NNBIAUHIAFUNIAIUIAT 19U Propagation delay , Min-Max
Delay , Setup , Holding Time @1:15083018 18 Iag@an 1y
-mw1 VHDL fhunasguildlasuSinuazdeenuuunatsy uva aziiudedeiog
o 9 =2 Y 1 1
Wanuen ledauineznnnunanie
H J o o T Qs s
Jumaiadevummnsadiaeamsiinuld mazihdusnunldassaeudans

nagyesudnuuan s
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4.3 vanmsasaluaalasldnedevauea

(General VHDL Modelling Principles)
a = Hq ¥ o o a ° o o ¢ A
Tievaueaidummiildd miveTursnisvrnmvesarsanns lugduoueiuiieu
é 1 _aey 1 1
W14 Feezaelumsashaazesnuuulsessanataeauazaiulsznouateg 019y
a &) A4 A P " & ' s a.
9FUYTLUUMITZUUNT 00T UIOINEIL AU F99g1u31ue3 (Component Block) 910U
° o . i o w ' -3 a = v
N13$10890159191U(Simulate)  TaoRguuuiings lildadevussmiamisaaeglugilves
¥ ]
AT (Textual Format) Maa9Ind1asemsauuldamidesnisdailivins
Synthesis 1ol Id1svsinnmnade’ly YszTomiaTavesnsldises Jevsdueaillu Design
T &
Tools UNUMTASWAUNVY (Prototype) YHN1DTY fio1s18 115095018 Product Idea , Product
. o d o ; "y &

Proposal, Product Specification 114;1]‘1]?]0 Text mﬂuunmﬂaﬂwﬁ!ﬁa@ Timing NINNIU
udmAly (Refine) 2un3192 14 Specification MNABINT 1119 product 1AM MNABINITHAD
i lUgmsdunsiei(Synthesis) e 19 1dInniana Schematic 1o Tadrafudunuueda
v & { o ° a o . =
ao'll Fdunuuiadraiuinuldesanie18vin1s Simulate Souioouds Wunisaana
nazal¥nelunisadeduuuy lduin

#my1 VHDL avuayundnmsans Iidound lviaziingeinyieesatasadil

¥
anugudeuliiulledusiasuaziidszdninmiasindnnisaedl

i
1
|
1

/
N,

! Various levels i
! ofacdesign
hierarchy B

Off the shelf
components and

L}
) Product Proposalor[ i

Product Specificaticn
N T

FRODUCT HARDVYARE-
DESIGN MORELING

JU 4.2 @enae RenunsneTune 1ddae vEDL
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4.3.1 Top Down Design
Tumsiauessinateeavuialnaianududou 19U ASIC (Application
Specific Integrated Circuit) 3fInsnsefeenuuulnezuesyuvniegluzives Block
. =t 1 U A 1 92 = 1 é 3 agq Y
Diagram ooy fneuivzdeszlnuulvtneazivadell dinw1 VHDL wueyandld
a ° ' - 4 o o [ o
95110NSUYBINAGY Block AT1zRmsiha samsud lvuazliulgamsiuen
a s A ¥ o 9 ' o o Y  a &
msansieiie 1 Idmsinuauiidesnts Aesudeseshimsesnuuulfazidoainaslyly
i ¥ 9
duasuseld msudlvluduasuiiszsildaasldoioniinmsud lulugrwesnsimunluy

[ Y an a
TEAUAITNTANDUBN

4.3.2 Modularity
Ly ! e 4 4 1 v
Modularity ﬁﬂ Wﬂﬂﬂ'l'icluﬂ'l'illﬂﬂﬂﬁu (Partitioning) @13A473 E]Elﬂl"ﬂll'ﬂ’}uﬂ@ﬂ!aﬂﬁd

& a ° v i Y {
Tl Fadn@msiuuesarsanas Inajq Aealszneudisasaunsdose aqlilfagii 4.3

lAodules

U 4.3 mamisdesluszdusuvesmseenuuasaay

3 b
ving) Idnaasrsesnanualuzlifesn (Flaten Design) waanniudniliudiudosy

o N Py o 1 1
mnaswy esieenuuulasldniyl VHDL wihdin1siiauveuaasdiudedainise
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a ar & ° v ' c‘:
oTue i TnsTugavesldamdreilansuniaInsdines) Fuwaasnmsinuvesaiudesiu

ageFaon Famsuongylna eenidludiudesn fi lthesenssansuazhodenisi
anuidle

U7 4.4 UAAY Hierarchy Method TasmisusndaugUnuueenifludaugess
AUVUYABTLUIUNITHINIUYES Shifter AIUANY a9 ABMsuendIuved Shifter oanify
Waaed ownvddvastuonidlu NAND 1nmm mwlu shifer ldeFuienisvinulagld
msdeiuveardtiasy Tusedudidnan Wilaediifiasn NAND 1w defu 2 dlu
sgdvfidinandafifu NAND n Felinsefinenisiauegnely Taguanz Tugaozll
f1e5usmsiinuludivesiuesegudisietmelundas Tugai13ime I amisald
Wadvaed Tuga'ld daulddraey Tugafesuismsidense edwdmiamsafendeiy
NAND 1nm luszduaieqald UszTomlegranilsveamsuendauliasiuay NAND 1nm
pononiu  iilpanrninliieluns 19 NAND 1nm ﬁqﬁiusﬂusuuﬂaaﬂxaaﬁaﬁuq Ml
pon'lU1dm 188 ninzannamdudeulunsldaunsalientlun1sviauves Shifter i

d

Taedswomnmsudlunduvastiay NAND 10 U5z Teni1d91nmsh  Modularity i

slgnufiesnuuudedenindhlanazudlvidiaue

Descriztion of
Shiter

Oescriplion of
Fiip-Flop

3
e
Q
3
J
0

Caupling

Description of ¥

NAND Gate

c
J
0
g
G
9

gil‘ﬁ 4.4 MINUIU Hierarchy Y94 VHDL Shifter Description
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4.3.3 Abstraction
firde1uvegduuy 9zafuIen1siauYeIdIUuuuuInnIIezeFuIgIIHAIU
¥ E 4 . v
aztiuuiuldediels nanmsiiiaamdAyedn Indanundnnisves Modularity Tugii

a4 vaUvaey Funistiomluns e NAND 1am uaz Shifter ifutionlunsidWadvas

Description of Addressable
Byles ol Storage

Higher Abstracticn
Levels

Lewsr Abstraction
Levels

Description of A¢d:ess, Oata

»
and Conligl Signals

g'ﬂﬁ 4.5 Applying Abstraction to a ROM Description

31 4.5 naasdamseFuemsiauvessluuuiagld vEDL Tunateq szdvves
Y =y s o ] 1 é
518 ROM (Read Only Memory) 851110 Tae 90115z Auga uaraadedmmianig dafiy
¥ ] ¥
Yoya 13 Tudwmiariuq fiszduiilidesaulefls Address Line , Data Line 112 Control Line
] Ll = 9 "9 o & A2 o '
mensawagaaule llfivinevesdoyalas hidesdiladadyguniuguaeg nely
9 "o
msigNduuezgaIaniseeluszaundioan luszAvarsasuusiainisosiuig
mshnuvesdyanandazidunisly Rom Tunsiamsdygiumolunmdunielu as

' kY

wedeyanieTisunsudoyalu RoM Sdesmslaousmidoyanolu Rom arsuflyly
s d'. J l Al .73 : 3 r Qs

sEAUNgIiuIezenIInsmuaudyumelu wmududazszduiinumngay

uanaranusen i I gduuiisiesnuuuh)ivwaenisud luTasnisl4is: Tomives

Abstuction
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4.3.4 Information Hiding

4 o - & A a 5 ¢ so & o
iWfeshinsifien VHDL Code Iunu#e93110n159101u83815 AR A Inie uens

9/ o ] = a 3 lll vy 9 1 A
91deemsNazdeuswaziveanisianluga vulagludesmsivaiulugadug §ns

° " sice C4 o & [
MmNy Information Hiding fi1lsz Tomife silvgduuuniy VHDL wuamnsadianis
¥

uazamtnle lddw wdnnstlezariuayundnms Abstraction fieaulosivazidealunis 1y

1 1 3 g ‘3 U 9) 1] =)
aunandezaulvigdiumiussgradieiiumedinls Wudu asdeouswazideansly

¥ 1 v

Tugah Idanuaulwesdesnuumivaule lludnddgunndr Tudwihivhauls

weaou Muazidhna 114 dagalh 4.6

Hidden Description
ofl NAND Gate

U7 4.6 mssfeuseaziBead hisuiuvesszd NAND 10

aftnemsiauveddvael lidesauledn NAND 10 szviuedials azdedu
meluet1els Tay NAND 1 awrsadeuiuudanen Indiiu 13T laus s fitooniuuy
WatWaeyszaugetun Hinauadeeddn sxiFeusoBunnieninnes NAND 19 1 ldau
Taeesls TagTideaauledn NAND nn szgnadramzianmiediels UszTomisned
wilsdie flosiudeyaniolu Tunsdifiuonsis vHDL Tunaluisfiousi s dlesiunsmdau

s é
mailyanldenluszaunils
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4.3.5 Uniforminity
. o s P v 4 4 a o o
Uniforminity 1Hundnmsdneganisisislumsesuiseriauniialoniy) VHEDL
e nsadnlugavessita ludnumzadoiu Tal¥dan w1 VHDL Building Block
lvinansteusianaediasy Inislddeni imslddeiuriaComment) Hudu il

nsa Tugamanudilede

d & A A . ]
4.4 mﬂﬂﬁznauwu§1u°lms%ﬂ1ma (Basic concept in VHDL)
id v

sUnvuiugualFlumsussersiesdlszaeuly VEDL dszneudisdiudiimua

MsI¥eusB(Interface) LazdIuRMUAGNYMZTId01il08nT5U(Architecture) fananalugii
I A o ¥ A 7 2

4.7 MIUIINIMITONGBIZIUAUAILAT ENTITY @ walodevesesnsznovnazdl IS
malunsseedanesansande Buynieminn wesauesesdsznoy daudnymEnIENIMN

A v a o 9 1 dy 3 1 ' °
Meuendu 1wy a1 gamgl nawnsosand U ludud Idsuiy ludiuvesmsdmua

“

s a .3 a ! & [} < 4
anyuziFeanilasnssuziududiesin ARCHITECTURE Fufludiuilfusseentin
o { o i ‘; L o/ _
nsinuvesesadszney wihdimahnuiieeiuegiudygyin duwniewinn uas
msiimesouq N lddmualiludinvesmsiFoudesigli 4.7 arsussoenihiives

23R 52 NBVILISUAUNAIA1I1 BEGIN Hudu 1l

ENTITY component_name |S
Input and output ports.
Physical and other parameters.
END component_name;

ARCHITECTURE identifier OF compionent_name 1S

Declaratuons.

BEGIN
Specification of functionality of the component
In terms of its input lines and as influenced
By physical and other parameters.

END identifier;

JUN 4.7 namamsimuamsi¥eudenazaniilavassy

4.4.1 MIMHUAMTFONGD (Interface Description)
[ ¥
M3t muamsidenaaiuszduuugaveamsesnuuy lussauilozdeaiimun
o ) [ = " 4 (V) 1 ! r.v
weia dmiumsdAndenuesalszneumouendun deiied1aluzli 4.8 ussiausniluns

s A g 2 v A Y e 1 A
ﬂ’l?’!uﬂ‘h'ﬂ“l]ﬂﬂﬂ\iﬂﬂitﬂf]iJ‘}f\iﬂ’lﬂUﬂqlﬁlﬂu‘le] clock component #IUAAYATIT PORT UATYHD
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voanesaegluaudy IN waz oUT  MnuaTnuavesdymnauiluduymrieeninn BIT

uaasriinvesdoya

CLOCK

Sh clk
— =P

A packaged

Gomponent

ENTITY clock_component IS
PORT (en: IN BIT; ck: OUT BIT);

END clock_component;

U1 4.8 nansuiien laezunsuiansusseumsiFeuRauea clock component

4.42 MINHUAFUUVUNISUIIEIY (Architecture Description)
] ¥
i 1finsinuvesssdlszneuszgnussersnisluduiinisussoea s

o 1 [ { é
Mmuamvesdaygy e nivm lumenues clock component Tugilii 4.9 Fudumsussorely
wangAnssuil en iuduwniazdl ek Wueminm PROCESS dususududmiumsnssow
TuFanganssn moluTnasadmualy periodic iWudamnlsafiduSuduiiu «o» Hidyam

= 1 . . = o 1 1 9w é a '3
en Aty “1” f1wea periodic wgnaeumdmUAIazdsm iy ck Fuiudamuenium

Mde WAIT smualddgauiisiuiuna 1 TulasTudi

ARCHITECTURE behavioral OF clock_component IS

BEGIN
PROCESS
VARIABLE periodic : BIT:= "0";
BEGIN

IF en="1"THEN
periedic ;= NOT periodic;
END IF;
ck <= periodic;
WAIT FOR 1US;
END PROCESS;
END behavioral;

JUN 4.9 HAAINMITUTTOBTINGANTTUVDI Clock_component
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4.4.3 1suns3808 (Subprogram)
o o [ U

mslgfandunazTnsdaesiu veDL afSenldnunsldTsunsudeslunsidon

9 ' ] v []
Tusunsunwduganag i sgndsnduniegnialdountasTaeTdsunsudesernine li
finaneariauns Tagased’ld 1wy dunlifleddumunsnsziluaunsydudeziinade

a 1 9 v A a Y A o

299335029399 Tuvagna 19 Tsunsugeslumsnlasuytiavesteyansalumsdiuu

' ] d 14 4 g/ o 4

amizana udanez hilinade Inssadavesarsains
317 4.10 nanams 1A Fu Twsdimesimen/doudoyarila 8 da Wusdmaway

g1 4.11 naasms1ianFu Taoimuald X fududssiadaununsnsgsiluaunisydu

TYPE byte IS ARRAY (7 DOWN TO ) OF BIT

PROCEDURE byte_to_integer (ib: IN byte; oi: OUT INTEGER) IS
VARIABLE result : INTERGER :=0;

BEGIN
FORIINOTO 7 LOOP
IF ib(l) ="1" THEN
Result := result+2**|;
END IF;
END LOOP;
Qi :=result;

END byte_to_interger;

U4 4.10 nanams1¥Tnsdined

FUNCTION f(a, b,c:BIT)RETURN BIT IS
VARIABLE x: BIT;

BEGIN .
X = ((NOT a) AND (NOT b) AND c);
RETURN x;

END f;

51 4.11 naaams 18ilassy

4.4.4Teuos15imes (VHDL OPERATORS)
mMsussoedanganssnly VEDL Alidanszrimisasiniazadamansivu@e,

fufun e i ldegi 4.12
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PREDEFINED OPERATORS
LOGICAL OPERATORS : NOT AND OR NAND NOR XOR
OPERAND TYPE : BIT BOOLEAN
RESULT TYPE : BIT BOOLEAN

RELATIONAL OPERATORS := /= < <= > >=
OPERAND TYPE : any type
RESULT TYPE : Bolean

ARITHMETIC OPERATORS : +-*/** MOD REM ABS
OPERAND TYPE : INTEGER REAL Physical
RESULT TYPE : INTEGER REAL Physical

CONCANTINATION OPERATOR: &
OPERAND TYPE : array of any type
RESULT TYPE : array of any type

3UN 4.12 naasdInszilu VHDL

4.4.5 DAWAZANUNTONINTLI (Timing and Concurrency)
Tuasesdiannsedind gunsainnddvzegluaniuaivumieuauoalways active)
v 1 [ ¥ v
uazaziisesveanautuInvItesdisiaualunng mgnissiiiadu VEDL flunmi 1d5y
MTRBANULNNNBAINITOUITOwIUNUDIAEnIsWeIAUYeIIAId M UATTH 1 IUVeS
gunsal ldedngndes msussmemsvinu fegneludiuvesanilaonisunsussoeeyil
o ci 9/ =] . =1 9 T c;d o o Qs o n'J
nMIMuRnTemmIsaimauensauiua Insiaiiinshroumeluidunuuddudd
=4 - ' ) = o =1 o v Y
N maiivaies Insmaegnielulasemsadiadeanunng Tnswanzyiulinieu

L

AHAY

Qs

4.4.6 dieyaunuuazdi s (Signals and Variable)
n’ L

= A o s ot [ 9 a4 Y
Tmﬂlﬁulﬁ“ﬂu@?ﬂﬁ1\3815ﬂ1[35ﬂ1%’1uﬂ'}iﬁ\iw—luﬂlagﬂuﬂzu!i@qmﬂ\“'}ﬁ—]!m1“1

o

'
s

c‘ 9 o " 9 o Y] 9) as s d il U 9 o
merdesdis msdmuamIdiudyg ey 1¥dydnuel <= lumsdedunzannsaldmad
=3

AFTER miefmuasaanalumsdasiusivesdyain 194 W <= AFTER 12 ns #1699

Mmuamvesdyn a 190y w ndenrnnariu’ly 12 ns.

v ~ r=}
4.5 1053951390910 ¥AUDA
[ > 3 )
TumseenuuuTzUUAIADa FudAMI T MuauIauAaderuIunszialdeanin
ﬁ o P SAq ¥ 9 9 ' - ' ' &
Wu eunsalarsanasnldanld sedewiuduasuaisg wnneiazlunaazdunon

@ "
Aeenuuuvrdesnsivaeunadnt gavioluudazdu sinniuduawanusuduias
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¥
1‘13’1ﬂizll’lllﬂ1i'€]ﬂmlil‘lﬂu‘lnlfllﬂﬂl]ﬂ Taseadenisesnuuy VHDL ﬁ'll!'liﬂﬁﬂulﬂ‘u

uwure 1Rdag19 4.13

=I Syatem Design |‘<'_"___""_'__ System Simulation ]
> Function Design E"'""" o ﬁ Function Simulation |
= e RIS
_____ S 4
}L Design Entity }‘ ’
I
' 1] Y Y
| Graphic layout Tool ]1—-»[ Routing Tool |<—D-‘ Layout language tools l
Design rule Circuit Parasitics Check
checking extraction extraction plots
Error 0 peee
\] Y Yy Yy
]
|EIEC:CHIR _Logi;k; Tlmr?irt\g Detailed
rules checker simulator | simulator electrical
[ simulator
Y Y i \4
¥ OK OK ¥ OK ¥y OK
¥
Fabricate
Chip

3N 4.13 JUnaaslnseadanisesnuuL VHDL

[
=1

719

9 [ " v ¥
4.14 uaasvuaeulndfnlflunmiseenuuuszuuadaeanag T deduusn

deanuuud muauuinuialumsesnuuuidenounaziimaiennl¥amsatiun 1418

) # D fe dg . Ay Y Y
pdwanysal Aviuluduasuiiteiinus uduideenunvezdesadregduuuszunlu

_ = J A at s as 9 ﬂ'l I}
PNWANTIUVUNATIITOY WQGW‘HL{]HNN']‘H AQlERUNS s a1 aiion (Pseudo Code)
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l Design Idea l

Y

\ Bahavioral Design |

Flow Graph,Pseudo code ,...

Y

Y
| Data Path Design I

Bus & Register Structure

/

Legic Design ‘

Y

‘ Physical Design l

\j

Gate Wirelist ,Netlist

\j

Transistor List , Layout

Y

| Manufacturing I

/
{ Chip or Board l

[ ¥
31U 4.14 yanstuaBUMIBENIUDIZUUATROR

2: J k7 2/ k4 °
Tumousis llidunisesnuuussuuidunivaesdayas  Joanuuuasiaanimus
doulszneuredaames deenuuuazimuadiutediasmes(Register) UAZNAIAIING
P N W i i o #on d
(Logic) Adnthwinvuansznaufudurzuufanysel winzaslsznouaansnidansaniy
AaenfanilavsoandiiFAinia(Unidirectional or Bidirectional Bus) NszuaunIsALIANlY
ﬂﬁl 2 & ' | a 4? 1 e = n}u
nsinaeuadayarzuindIaaIne fuazaaImssnzasiuag funnfnssiaedssuLmninme
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5.3.1 M35 57a VU (Huffman Coding)
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MINA 5.1 MBYNN0TEATINIINAYBITBYA

Data Probability Code
a, 0.4 c(a,)
a, 0.2 c(a,)
a, 0.2 c(a,)
a, 0.1 c(a,)
ag 0.1 c(ay)

i

aanutnziiudesiiga 2 Anvgnadesianoudsil

cla)=0C*0 (5.1)

cla)=0C*1 (5.2)

Tay oC, i generic binary string

- ' 3
* INU concatenation TENIN 2 UBYA

1 o) dudeyafifaoinarmduiug p, ) = PG+ Pa) = 0.2 Aauanadeyalumsed
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M 5.2 a5 edoyn a,

Data Probability Code
a, 0.4 c(a,)
a, 0.2 c(a,)
a, 0.2 c(a,)
a, 0.2 o

1

Tumsedismamnieziudt 2 fe a, uay o, Jaansaadrasialdidy

c(ay) =0C,* 0

c(a,)=0C* 1

(5.3)

(5.4)
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1 v ¥ v
fmuald coa,)=0C, 910M31990 5.2 Hazawnsi (5.4) namedn oc, = o * 1 AnTuaun1sh

(5.1) Az aun139 (5.2) azou1diiu
c(a,) =0C,* 10 (5.5)
o(a) = OC,* 11 (5.6)
dl 1 c;. 7 a v U Py / !c‘ld s = 9/ c:
1INAIeA 5.2 Assidanadesaae e a, nay o, msriflughiidarimafafosh
qa fmuald o Hudeyaiufaonarwdniug pa,)=P@)+Pe, )=04 Awaasde

yaluasnn 5.3

@19191 5.3 a5 teya a,

Data Probability Code
a, 0.4 c(a,)
a, 0.4 oL,
a, 0.2 c(a)

1AMINA 5.3 mssdnadsvadelifie o) uaz a, Seannsaadresiteldidy
c(a;) =0C*0 (5.7)
clal)=0C* 1 (5.8)

¥ ¥ 1
M3MMUA ofa,) =oC, 1MI1N 5.3 daduluanmsi 6.7) aunsodoulniidiby o,

=ocx 0 e lfaunish (5.3),65.5) uag 5.6) whawer 181y
c(a,) =0C3* (0 (5.9

c(a,) = C,* 010 (5.10)
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c(ay) =0C,* 011 (5.11)

smuald o, Audeyaiifeninaswdiniud pa,") = P, )+ P, ) = 06 Fuaasdoya

Tuaseh 5.4

M3197 5.4 as1edoya a,”

Data Probability Code
a, 0.6 Q,
a4, 0.4 c(a,)

°lu61fumuqﬁﬁmﬂzmﬁ'@%yjﬁﬁlﬁﬁ%ﬁasﬁﬁ 2 @1 nazez 18
c(a3ﬂ)= 0 (5.12)
ca) = 1 (5.13)
&91funy 18 Huffian Code f4m1519% 5.5

A15197 5.5 mvuasaadiuy

Data Probability Code
a, 0.4 1
a, 0.2 01
a, 0.2 000
a, 0.1 0010
a 0.1 0011

=Y = o YV =)
5.3 maiamstusaveyatLUgyLaY
Tumsfiudadoyanuugapds Ina1w3s 1dun Wavelet transform , Subband Coding

,Transform Coding TaglwidetiozeTu10mmIg Transform Coding
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. add 4 & 1
Transform Codig 13T lumsnfdeugiiuuvesdeyaninTamunilalugdeya
A Ll 4 = . H
anTamunits 1wy 1WasuninTamuvesnai(time domain)iu TAmuueIn i (frequency
. &4 4 3 " as " AN 1o 1 § 3
domain) #alums nawmaesueziuegiugluuvvesteyauazaud lisuilunieduid
) Y a < o a4 w o a a_ o
F8U(redundancy)veadeyadunnioxinnivdadie Tas daneTnueil 3 Yuaeu
o = a ] =y
1) MInsuanesu(ransform)  diideyadunm (s} nazezshmsuiadeyadunm
1 1 aa 1 o o o ' =] o
sonifludaudes q #MSond1 vlentlock) $au N wden udlunsazuden Agn
S o a -
niuanesuiiiudaszaeiu uavey 1ddeya {c )
< ammeis 0 < o o
2.) MyAIeu ladu(quantization) vxrhwad IdnInmsnsuaresu (.} Tasmsih
MegnTayanninIsIasTAuBfIMuaunuAIsay luuis
v ¥ "
3.) MsadNIHa(coding) thioyan lannduasumsaloulawdu uinsdhsia

1%Y Huffman Coding

v
wanmsiannsoesuelunadamans1d Tasfmuadeyadunm (s} uazinisiia
Foyasunnesnuudendos q $1uu N vien uaz awganamaresundudiommsng A

Taoilgunnudroguuuveunnsng fo
c=As (5.14)

A ' a d w P
wieed luglaumsnuadiasmans asaunsi (5.15)

N—1 :
Cn = Z":’ian,i (5-15)
i=0

Tag A fuamsnd [A]; =4,

T qg: n'J o § Q é o
duludumeumsmen lawdunaznsadisdaluus Tasmsiuga (¢} Fevsah
¥ v
Tinstudadeyaiumnzauia
¥
Tudauvestuney Msveetoyandy (decompression) 941 1@ Tasnsidunesa

a  d . LY =
nmanesuveINNI NG A gt ida {c ) 1o 1714 15a (s } ndudiuan 1% B=A"

s =Bc (5.16)
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wivagluzlaumsnundamans deaunisi (5.17)

N—1
Sy = Zsby; (5.17)
i=0

Tas B Wummsndg [8], =b,
[ o c:w I Yo g a aa o .
wanmslunmanauaresuiiamnsaldIdnudeyaduwniuy 2 I8 (bi-dimension)
15U FoyanIN (image data) 18 eruy@ldoynIn (digital images) S VA NXN Tag

andnlundazmndaumudas s Taeh ) idudumisveandasinacixel) veadoya

o . 4 =] =1 = o 9/ el sy =y o

PN NI A Alva NXN Tagh mmsng A szdoadiguauiialumsmounesa
- & a a o

Thumimsga 49 a, WumnFnveansuanesuueannsnd A uay C,; Tnui T

dumisvesaazinisai lannmsiusadeyanuds deaums

N—1N—1
Cry = 2 X838 (5.18)
=0 j=0

'3 r.?l‘ [ 1 a " o
Tumsnsaresuezdusumsuusvuaveuien uasdsausondaiimsnsuatesy 2
1Y
1a@Dp) sentlumsnsuaresuassas 1 95 ap) 18 Teeviimsnsuaresy 1 HalUaw
Y
199U N upandenniuduihnmsnsadesy 1 9a ldawaeduisiuiy N aedusd 9n

auns (5.18) ulsunnulddreaunis (5.19)

N—1N—1
Cp) = 2 2833y (5.19)
=0 j=0

VINANNIT (5.18) LA (5.19) WHUUNUAIBANAIT (5.20),(5.21) 1Az (5.22)
T
C = ASA (5.20)
uaz SunesansuaesuReuumudieauns (5.21)

s=gcB' (5.21)
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H — T o o =~
Taghl B=A =A' @daiuaums (5.21) annsofeuunudisaunis (5.22)
T
S= A CA (5.22)

o o e 1 Cd - { o o =) [

AMTUAIB619NIY5TYNA Transfom Coding NdrAYyA MsTiudadeyanmanas
§11v04 JPEG Tat1¥ Discrete Cosine Transform (DCT) iiumsnsuaresuiitinawd sy

‘3: as = 1 T :IJ y 1 s =) ﬁ..
asmsdudadeyanmii Idsuarmiouetaumsvais Milmszardulszins uTamuves
1] [ ¥ ¥
A1 N Az umenvear1nia (real time) MNiu Bavsannsasiuanldecesiaga (fast
algorithms) nazdsannsaldauedaludnyue real time Told a1sauad Iahion Tuilagiiu
ManmMsves DCT Hnsiimadsenuegae livelimunsaaavuiavesdoyalilfinniaa
S aad & . &
WiounamIiNezanuuIaveees uazmuanui lunmsdn Iduniuy
A w9 9/ a a P 9 [

szuumsiiveadeyalavldimaiia DCT  Mwduyniidhwizgnusnesnifluuien
[~ o a3 uer [N d a
@n 9 Tasisansodmuavuiavesuaen ldiniduvuamils  vinavesufenfimanzay

o A a a w s & o q & AY vt
wifudadindsedniamlumssaundsnuvesnmsuadesudaozi i amd 18Tise

= A o " =& A1 a .

OZIBYANA ANMNNIZANVYNUYUIAVDIUABNATH UL 9] WIMMUIZAUNAIUALTN (bit rate)
& o < g A o vy a Sl v
Amils q uged lsnamvinavesuieniimuzanawsodn lddsadamaningenn
wo 9 Aumsnsuadesy Tasdumnaudivinavesudenszianiwavenidavesay 2 19y
4, 8, 16, wdannmsuendeyasemiuniondes q uda wwshmanamanesu’lyTaeduss

' o aa
YBURATUDDN Tﬂﬂﬁfmﬂ'l'J“‘UENﬂ']i‘ﬂT]Uﬁﬂ?J‘;MHUU 2 UR

[A]i.j =m(i)cos(ﬂ%ﬂ) j=01...N—1 (5.23)
1
= i=0
() = g‘
N i=1..N—1

3
v o w

dmsumstudadeyanuniasgu JPEG M N = 8 suiuaumsvesnsnsuanesuey

O

AWITONAAL [ARIANNIT (5.24)

[A]ilj=ﬂ)(i)cos((2—j—1?ﬂ) =01..7 (5.24)
1
- i=0
o) =1 V3
- i=1.7
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M A 1 M
Tugih 54 Dugdnmiuaasinavesufien 8x8 Aldnnnsmsmeresuamaunisd
9 1 ¥
(524) wasmniuezh llvhmsaeu ladunormsdhaimiedsmuaidusimavgiuaes
; T 2
AN 56 deduna Avesdudszinsazmnfigadiyuuududroiazzanaanialy

LY 4
ﬁ?ﬂﬂlﬁlﬁl!ﬂ?!lﬁ:ﬂﬁ)ﬁuﬂ

3UN 5.4 mwuuIA 8x8

M 9199 5.6 madmuadaldnunmlugli 5.4

> 7
e
ot
ptvd

el e i
= O =
=
fad

— fo s
= 2]
M e T T PO

A VR VR
L6
L

A1od1 hildeyanmunuiauienas sxs Awansluasnd 5.7

A15199 5.7 NIWUUIA 8x8

124 125 122 120 122 119 117 118
121121 120 118 119 120 120 118
136 124 123 122 121 121 120 120
124 124 135 195 126 195 13 1234
127 137 128 1230 130 128 127 125
143 142 143 142 140 188 138 139
150 148 152 152 152 152 150 181
156 159 158 155 158 188 157 U6
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1 1 a d o v p—1 & 2 o a 1 a
Awedaazinwaluudenszgnuasfeunuamves 2° # p nuededuauiiadedin
d; ° 91 [ - o 1 1 -
iva Tunsdidl p = 8 e lunaazRinaiiniszning 0-255 ndr luudazinsasyaudaey 128
¥
antussihIdaveaazinisasziimegsznin 128 1 127 udnhawaazuienlusiily

z { 4 dl 1 1 \ U
Tupeuintls flo n3 namanesy wai1d uaas Tunsed s.8 unzdmdazaumudae o

3199 5.8 A1 Tusz AN N ldnnmansuaresulan DCT(c;))

16 11 10 18 24 40 51 81
1212 14 19 28 5§ 60 5
4 13 16 24 40 5% 69 b
14 17 22 28 351 & 8 82

18 22 37 36 6% 109 103 77
M35 5B 64 81 104 113 @2
48 64 T & 103 121 120 101
T2OH2 83 L8 112 10 103 99

] v ] ]

P o v =1 1 9 9 "y A A
1NATNN 5.8 i}:mu"lﬁ'nmqwqm: YNYUGIOATUUU (upper-left corner) HAZAINUANND
v 3 ¥ [ v
Q4 9 vzegNyIYIAIUAN nasnnmiuszih ludupeuiiaes Tag e 1d uwh
2 S w < . t A
M5AI9U Tad U (quantization) HUA1319920U lAIsHY (quantization table) ; Q; Tagh (.))
Hudumisvesmndnlu msnduaasluaised 5.9
o :
A19199 5.9 M319A0U lawsu
2 1 000000
000N 0 n o0
200 00 0 0n0n
g o0 000 00
a o0 oo 000
o T T T R T VR o
g on oo o non
D 00D oD o [
Tumsaeu laruiiiaziamaums (5.25)
c,
I =] —>+405 (5.25)

i t

Q

i
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T " 4 dw ; 4 _ 13988 -
nay [x] mneda ANMINNTAVOINUIUANNUBINI x I¥UT  =| ——+0.5 |=2.9925
' 16

E ] 3 i 13 ] ¥ ¥
Antuanld 1, =2 Amanuan Idnnnsmenlasdunanuninsd s.10 ninduaeui

¥
auldmndrdoya 64 Anwaisannsoaa ldindeiios 4 Anvaminiu

M1 5.10 wamnmsnsaleu lamau ;)

35.88 656 234 122 037 -108 079 113
-10243 4560 225 112 035 083 -10h -N4R
S T A .3 N A 6 TS 2 103 R N LS R W e &
-487 0 224 -L32 -081 0 14l 022 003 017
-3.37  -074 -L¥s LT 062 285 -1.30 DF6
s88  -013 -045 057 1.98% 025 146 (.00
397 BA2 238 055 D051 -8 052 -0.13
-343% 0 Bl -L0T o oAy Das 008 033 (.01

Tiduneuitemiumsinniieatesimaugiuaes (Coding) Taotoyannmsed 5.10 1
sty @ edoyafidumisuuaadudoidusidulszdng e (DC coefficient ) Fuilusn
mfﬁ:ﬂwﬁj’waﬁq 64 finwa  daumfimdesnumdulszing AC (AC coefficient) ¥
ausaneniiosanld  Tumsndswateududeniimmed 510 ¥vnsdauen(Zigzag

Scanning) A431/9 5.5 1unBY

Y S e
A
i e ey
LA
V.f‘x’ ’rf"//f'fj'
LA
i
il | | |

31U 5.5 MsviFnuwn(Zigzag Scanning)

11013199 5.9 1WeMnsBnianez lAveyade
duszdans pC ;2

duilszavns AC © 1,-9,3,0,0,0,...,0
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Tumsids e 1938 Huffman Code Hazazilaisunarslumsidisia 2 arsenanaaslua

5199 (5.11) wag (5.12)

ci 9 ar cE 9 o s = 4:"
AN 5.11 MTUMSETHan lFnuduilseans e

0 0

1 -1 1

2 -3 2 2 3

3 -7 -4 4 7

4 -15 -8 8 15

5 -31 -16 16 31

6 -63 =32 32 63

7 -127 -64 64 127

8 -255 -128 128 255

9 -511 -256 256 511

10 =1,023 -512 512 1,023

11 -2,047 -1,024 1,024 2,047

12 -4,095 -2,048 2,048 4,095

13 -8,191 -4,096 4,096 8,191

14 -16,383 -8,192 8,192 16,383

15 -32,767 -16,384 16,384 32,767

16 32,768

maf 5.12 Medumsed 19 lumsaisia Huffman

Z/IC Codeword | Z/C Codeword Z/C Codeword

0/0 (EOB) | 1010 1010 Y2 | F/0(zRL) | 11111111001

0/1 00 1/1 1100 F/1 I111111111110101
0/2 01 1/2 11011 F/2 I1111111111110110
0/3 100 1/3 1111001 F/3 I111111111110111
0/4 1011 1/4 111110110 F/4 1111111111111000
0/5 11010 1/5 11111110110 F/5 1111111111111001
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A15199 5.12 (519)

3
as L]

& R A A4 da ' , @ ' .
Tudunewdhsvia luu1inieNiTona1 Entropy Coding 111 4uaeUIsA 111971 DC 31
s [ o v oo 1 [~ ' wl =l [ W [
msnsaneu Tagyimsmsuainua DC luvaennaumhilniauanaenumils  uda
o o 1 1 [ ¥ o ' ' " Ed .
i lUfeudualumsieh 5.11 1wy nsdidid1 pe luudennsuniiiia -1 ugudeniiial DC
s ﬂ.l L L 1 1 a’ o T é L] r—9Y . [l
2 @aiunaaed1 DC fsuanatuiiny 3 udnien 3 FuiluawenlSya (Amplitude) 119214
alias) A ' a " 9 9 a a
YUIA (SIZE) Ada 91nA15197 5.11 aweniganiiy 3 sxlduuiadoya 2 da annsadioy
1891
DC : (@) (3) 9214 Huffman Codeword iy 11
¥
YugauasNnhA1 AC uMhnMssianazmamMTEIuen Awsniueudsyamiiy 1 uda
quinmsdnusnilmgudiming uazih newl3ea 1 Tidlaased 5.11 N ldvnaida

= "o a
uduiougdvu

(number Zero , Size ),( Amplitude )

¥ ]
Tunsdlamdedndl wewdsgamiiu 1 9218 (0,1 (1) udahe 0,1 Wilansed 5.12

DM Codeword ﬁiﬂulﬂ

AC (number Zero | (Amplitude) Z/IC Huffman Bit
Coefficient , size) Codewode Stream

1 0,1) 1 0/1 00 00*1

-9 (0,4) -9 0/4 1011 1011*0110
3 (0,2) 3 0/2 01 01*11

v g ad o t -
* ugnsznIn Iaase Ay Aweulige
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3 v ¥
ATUNGUVBITA(Bit Stream)NDLHINITT9AD  110011011011001111010 5IM%aMuA 21 1ia
e ) %3 L]
Tu 2 Sausnvzifluardulsz@ns pe |, 4 Saganesziiusiadaeluurazufion(EoB ;

End Of Block) audaimasiiudulszdns ac
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yaronys Taoutseanidlu 2 daulng 9 Audufe d1u¥e92995 Huffman Coding ¥91015
a 9

s s s r é o g
tusadeyadidnys uazdiuves DCT Foimstudadeyaglnm  Tasreesianuaszgn

5 u% FPGA iiisedaifey onsoudasdiulsznenan g dwaaslugli 6.1

Text and Image Image Tranform
comprerion

control

3
addresf bus

Control unit
- State
- Control

(oo |y ¥

k Data bis

bif
Bit Stream

i /

1/0

Data 1 bit

Computer FPGA EPF10K20RC-4

Ui 6.1 nanadusznevdiey iiediaseamsiauvessesmsbusadoya

mseenuuuiy dvinsee e sIRz AT 9 Taousaudeyadii
msfusaludiunesiiusadeyafsnysamsanesiy Huffman Coding Yuvzilszney'ly
A0 4 2397 1Aun 21995a519m1319, 29959319M5 T Huffman Code 2995319 State Machine
HAE NITAIUAY °lufhuowiﬁné’ﬂa{’fﬂ;;ﬂmwtfmwﬁmwaammmwﬂuﬁqwm DT
AU ANBSNUVDA bin DTC(Binary Discrete Cosine Transform)
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6.1 dI4v8IM5UUEAYYafd 18Ny (Huffman Coding)
1ufhwumﬂ1':'ﬁfué’wﬁ’auaﬁaé’nmﬁu"lﬁaammmwsaami’]u 4 dudenude

- 2sad e

- 2995531 Huffman Code

- 24959374 State Machine

- WITAIUAY

6.1.1 2995951959

Tudinveaaeseesadiemsn  fuaesi 1 lumsatian1se Look up table iiold
dmsunlSoudisunu adeyaduwnTasdszneudas 2 daundn Ao wunsmuasn uag
daudiluswa Huffman Code dmaauiiu vionvenseslddezfl 62 uaznanwwans

3 v
$102901591191Uv992995 Tuauiiagg i 6.3

: HUFF

Pata In[7.0] T oO—Aef e e I O -
LENGTHL 2. . @] Length[ZD]
: DRATROUTLY. . B ; : > Data_out[7..0] :
29

UM 6.2 nrasndonyee2995 2995 19m5 10

Rt T mant

8.0us 10.0us 12.0us

Name: ‘Yalue;

16.0us 18.0u
$57 datalN7.0] | ;

53 Length(2..0)
2y DataOu[7..0)

U 6.3 117A9 Timing Diagram ¥84399539A13 74

6.1.2 79950319599 Huffman Code

299303039 Huffman Code Huasvsiithinéfoyadasnus mdnnumanimives
fmaudasnys TaonlSouiousumadnii Iden1903Tuguil 6.1 Mefezatiesifa Huffman
Code Aananuiiu vionuesans 188314 6.4 uermsmamssiaeanisievesses Tudad

a9

A9 6.5
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HUFFHF\N
ek
RESETHN
; —JGco ADDRESSLL7. . - add[l?l]]
sslata in{7..0] ———ontaincz. o1 oavnourcz.. eaf— FE— O data_ou7..0]

51/ 6.4 uaAIAPAVDI299TAF195Wd Huffman Code

Time enal. [/5E5rs
5.5ns
Name: Value: 1.0us 2.0us 3.0us 4.0us 50us 6

9= ResetN 0

- Go 0 i ]
X

i~ Dataln[7..0] Do

U |

-z Wen 1 U
B ddress(17..0] | HOO0DO | 00000 ¥ Uoumj( 00002 )(cmnn E}( DD[JUB—"(DGDM Y 00001 )(00004 )C
= Dataout[7..0] DO i

~g@ Done 0

gﬂﬁ 6.5 UI1AN Timing Diagram Y9434 95851985195 er Huffman Code

6.1.3 tf’Ju‘ll’éNNiﬁ’N%in’%N State Machine
Y - Hq Yo  w A Y =
MATNINN State Machine LflmwsﬂﬁvmmuwUumagawlﬂu Huffman code a3UU
NN imhn Inasuazaivaudanzmsiiaulududeg e lihauvesszuy
< ar - o o
ﬂﬂgl’ﬂﬁ ’ﬁ'l‘JJ'lif,’lLLﬁﬂﬁLﬂu‘Uﬁ’ﬂﬂ‘UEN’Ni]Sulﬁﬂﬂzﬂﬂ 6.6 LAZ LEAIHTNITVIADINITNINIUUDIN

U

Ed ]
5 luduiiaaglin 6.7

STﬁ'lE S

— ik

N PR —— LoADsTATE——glil el g

—ao "-utF'rswn':—a-nmL-D Shlft

= ENCODELEHGTH[R. .®] VURITESTATERD jm'm wnte 52
,_nlength[z D] ILENGTHLR. . 01 unxr:srnvr\—‘:iLD write Sl T
 countf2.0] - ELE] N ——— :
B Tem Tk —{renn

B

/ o
g‘dﬁ 6.6 uﬁmuaaﬂﬁlmawna%m%’wa State Machine
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Ref. [9.85us Time: [2.88us Interval: [-6.87us

Name: Value: 20us 3.0us 4.0us 5.0us 6.0us 7.0us .0u
i clk T X U
o resetN X -

9~ go X J

£s* delength[2.0]| DX B f-% 2 ¥ 3 ¥4y ey s Xz Yo ¥ 3% 3 §

=~ Doneout a

—@ loadstateout 0 [ m I——l |—|_ [—U—Lﬂ_ﬂ_
—g shiftstateout 1 —l_ [ I—l_I—L_,___I_Lﬂ_I_‘_
5 dressout(5 0)| D11 oYz )3) B R 3 X 7 8 X9 X 10 )
=5 dressout|5.0)| D4 0 X 1 X 2 X 3

-gP wen 1 U U |_J |

gﬂﬁ 6.7 1L1e¥A9 Timing Diagram YDI1VTAT AT 195H A State Machine

6.1.4 2923A7UAN
= Y o o | = kY 1 o
"Ni]5ﬂ’]‘lJﬂ1]LﬂL!'J\?‘l]5‘ﬂﬁl‘Hﬁ'lﬁi‘l_lﬂ']'l_lﬂllﬂ'liﬂ']ulmm‘llﬂuilEllluaﬂﬂﬂi]'lﬂﬁu'wﬂ'ﬂu%']
2 =1 9 o = o o
°]NHﬂ'ﬂﬁl“ﬂuUﬁﬂﬂ‘lﬂﬂﬁuﬂiMqﬂﬂﬁgﬂﬂ 6.8 UDY UAAINAMITIADINITHINIUYDII9DT U

b d v
dmilAgN 6.9

CONTROL

o B BT 2 0
o B s v . I
s reset oG neseTH sHarTsTHyE ouT— IR gy
'jl i gu” S ‘| ao READADDRESSOUTLS . . ©) et T raad add[5..0]
ookt ES i i ISR S ATAE s ] L = U
FTET g " e e

} g
gﬂﬁ 6.8 LLﬁﬂﬂUﬁﬂﬂﬁi@QNi}S’N%iﬂ‘J‘U‘i’]iJ

T — | R e

00ns
3.0us 4.0us 5.0us 6.0us 7.0us B.0us <

Name: Value: 1.0us 2.Eus—|—l—‘__—l_—‘—l—_
TR A A AR AR AR AR AR AR AR
B reseln 0 TR S I R L e e T

¥~ go 0
5~ delenglh[2.0] | HO D Xt X2 X3 X435 X6 X7 XoXtX2XaK4) s )Xe N7 Xo )1 X234

£ doneout 0

i loadstateout T e T e [ M [ Il
5 dressoull5.0)| HOO | 00 03 X 04 X 05 X X 07 ik
Fow dressout(5.0]| HOO 00 X 01 X 02 X 03

L3 shiftstateout 0 M |

3UM 6.9 11AA3 Timing Diagram ¥9979952995AUAY
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HUFFHAN

" ck oiw L dona
“ resst RESETH we AT —— e

o ® ao AooREssCLY BT ad(17..0)

wdata_inf?..0) DATHINE?. .61 BRTABUYL?. . - I data_out(7..0)

_conTROL

------

wencode(2..0] TN~ NOODELEMGTHEZ W1 URITEROORESROUTIE. O WL e 2dd(5..0]
ur

STATE

P write_S1

| i " o 9t o w a a
317 6.10 uarngnes ludauaie q saihnssiiudadeyadisnusmusanesiuves

Huffman

%% DEVICE SUMMARY »x

Chip/ Input Output Bidir Hemory Hemory LCs
POF Device Pins Pins Pins Bits % Utilized LCs % Utilized
comp EPF1BK2BRC240-3 21 48 0 e 8 % 245 21 %
User Pins: 24 48 ]

U 6.11 uanadluazimuvesaeinilénielul99s Huffman Coding

nmsdunsziaesluzdi 610 awnsuaasFluazimauvesasiniildmelunces

Huffian Coding 1831l 6.1 TavAafludmauasinldniiy 2,100 ina

v

' q s y - .
6.2 muuuamagamwiﬂa‘lw DCT (Discrete Cosine Transform)
=] o 9 g) =Y a - 9 =1 =
msiiudadeyanmlaeldimaiin DCT mmBuwnidunezgrusneeniiuuionian
™ o [ ] =1 P
9 Tasmanunsatmuavinavesvden ldduvmnamls  vwneveswdenimanzauay
s = a o [ ¢ & o U {
Wudaindsz@nsamlunissaundenuaeansniiuanesudaaziilgnimwi 185510
A a [ 2 A oa
azBuANA AWML AVYBIVUIAYDIVADNAIMTL 9 ILMINZAURAITNGN (bit rate) 1u
a o 9 = o [~/ o
wasgumsdudateyauuy JPEG wslivuiavesuaonilu 8x8 Ania
1 ¢;’ Y o 9 o = R o o éf
mseonuuyluaiuii ldviinisldsanesiuves bcT Tasvinisnswaresuniaas 1

upInsesunIuumsnINaes LY 1 95 (1-D)  INANNISYDY
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7 (2k+1)iTT
Xi=c§Zxkcos(-—) 0<5i<7 (6.1)
k=0 16

A Z =0
c. = (6.2)
1 ;other

Hy v

1 a a 7 o
Tavi x, Wludeyadunnvna s in, x, dudeyamiynitldnnmnsuaresy

6.2.1 DCT N5 wano3s (DCT Transform)
o - o an
nnaumsnsmanesy luaumsi 6.1) Wuaumsnswanesuuuy 1 57 (1-D DCT)
awsodouunudanlaezinsunuuiialivesises 1-0 beT Tugiii 6.12 Tasdunnazin

v
o 1Y -
M3 nIuaneiuATIaz 1 unlvuia 8 Wnwa llsuasumuvuiaveagiam

0 g

T\ . NS«

o

O & & > o X

od) & :/// \x R T \ "'/"'"14; . ]
o \ = i a -)\= = e lﬁ‘/ " o X5}
WG gt P ¢ » - AN I

-1 Cad T b
/ -ETUTE
79— o ° ol XITy

Maote: Cfb = cosi b1, Sfi = sini 4

1/.4
L]

U 6.12 0upuiililveases 1-D DCT

6.2.2 dano3nugduuudun (Lifting Schematic)

ar = a 1o w w af . . . o e
ganesnugUuuuddiian e ndaneiiuaes Chain Factorization |A1iueeds

Y
A

= o 9 A o d o v as dy
s lvmsgaunemnismsuadesui 1aiG4 TagIsmstiozunumsgauazns

¥
r

M5 A9 UNuaz 9 shoule  Taoluudasduaoy 98 EIN SN IUUNUSIBIM oD

- ~ aly A a - o & ul VoW a4
k/2 : k,m EZ 1Uﬂ§mﬂ15ﬂ13%3 PYOIITADUUA /2 %L'ﬂum‘imﬁm ﬂl‘ﬂ’}ﬂv m UA BN

0 Y as £ o Y ' Jd . a = g 9
ER RN ?ﬂuml.lﬂﬂﬁﬁ‘fntlﬁ\ﬂflﬂﬂﬂ’]i ns1uanosy HASYHIAYDINITINISUYUIALIANAIY
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6.2.3 ano3NuuVVAING ( Scaled Lifting Schematic)

I".I s b) X

% Y =X, T, X i 1 Y
22 £In{P)
Ty -2iry i
Y =X, F T Y % Y,
x? r?‘ 2 ™M 12 2 21 xﬂ OOGIﬂI 2 coaii-1

u= == degin(f)
=nifh

(a) (b) (c)
X, 04 Y “a P—oY,
5
(d) (e)

3‘1]?1 6.13 (a) E‘IJ butterfly 11l (b) Plane rotation (c),(d) Scaled lifting Structure LUV 3 ﬁﬂ‘ﬁ
a 1d
(e),(f) Scaled lifting Structure 411V 2 AHN
Wudane3iuiivzgroaannududouved lift schematic Taoia'ludagy butterfly v
¥ ¥
UNUAY Scaled lifting schematic 2 A7 A%DN 2 Scaling factor Taoh 2 Scaling factor HT1W13D
! l& o 1 n,.: q'.v 9 3 o
1Fdudumidslumsmanludivesdunoumsmenlodiaduld  dniusehldmde
- spwe i 4 ¥ s 3 o £ d a a
e 2 lifting Step MuMMUNIZgNNImWaresy siTldmsnsweadesy fiszdnsam
1 o =
WINNNMINIUHesHILLYNA
~ a o s e w =
1NIUN 6.13 (a) 11T INTOMINIINNBTEMTY Scaled lifting 1A AaaunIsn 6.3

g 6.4
Y =1 X +1.X, (63)

Y, =X ¥r.X, (6.4)
Tugui 6.13 (b) 1lumsumugai 6.13 (a) Aoyusening X, X,
TuviueaRvanuscaled lifting lugalfl 6.13 () sramnsadmumveuninm Idamuaunis

6.5 DaaUNISN 6.10
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Y, =k, (x, +pX,) =k X, +kpX, (6.5)
Y, =k, (u(x, +pX,)+X,) =k,uX, +k,(1+pw)X, (66
vnaumsveidunlsidelinsua 4 s fe
Y (6.7)
p=
r]l
p=— (6.8)
rlir22 _r21r12
kl =1 (6.9)
I 7 hil (6.10)

6.2.4 MINADDY
o =l = 3 [ a 8L 9 1 as Y-
luminaasasziminaassdSeuiivuns 4 daneifiy lauAdaneiin AB,C uay
= ] o - s a ¢ s
D uanslugdh 6.14 Ha 307 6.17 uaaanarevsnsudvesunazdunesansuanesulave
o = = 3 o A 3 % I Ao
MM IToUNoDNITIUINI0929950I0 (Add) taz WITIMDUVOYA(Shift)  NUIUIULAN
2 ] ¥
Aefued1els sauMeamIANuRanaIA(Mean Square Error) ¥a331nmiliianindanesiumiad
udniwah IdnfSeudeumdeddeidvuoairazins  aumsnsniA1 Mean Square Error

(MSE) tigaefaaunsi (6.12)

MSE=%ZZ{(xi ~x, )} (6.12)

Size row col

Taon x. iiudwyanmdumnn
X

i

Hudeyanauoning

o—
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1=0,1,...,7

lunisnaaouieonmial MSE TagagutiaminaaseninnaiinaaInmsitiou (shift) Dauaziile
Nimsmudinvers (Extend Bit) sty 5 n3dl ldun Tusinsiiy , iy 1 50, tiy 2 T iy
3 1a uaz iy 4 Un uazlumsnaasanz1d51Unmuss Lena Aflvinavesfinaaiunndianiu

ADVUIA 512, 256 ,126 1AL 64 NN

NN AN/ L

N X

NE\W/ A - R

N7A D i B

IO/ ==
7 =

«7) ® > : ® X(7)

317 6.14 2993 DCT s wanesuveIdanesiiu AB LU 2 A (Lif)

Inverse DCT (Algorithm A. B)

\ /.

Fa)

N/
T N\ ..
R 7NN
I = = R /A

&2 ® x(6)

X(0) @

i
ol

N4) @

X

~I
™
JP

X(6)

X(1)

><.

X(7) @ & —@ x(7)

314 6.15 2995 DCT Bunesansuanesuvodanesiu AB uu 2 AW (Lift)
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Forward DCT (Algorithm C, )

—/
—\ 1
NI/

NY7AN
/RN
/ >

X(h

X(3)

x(6) @ X(3)

x(7) @&

X7

314 6.16 2995 DCT nsmaresuvesdaneiiu C,0 uuw 3 AW (Lify)

Inverse DCT (Algorithm C. D)

e ®INL N
oo K N/
o s/ , \ A\ V/ 4 -

k- 7NN
 SeaE Y/ N\
=< / &

g
() e 87 | ! ° —3 x(7)

®
"

®
5
>

x{5)

x{6)
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ALG A
Size 512
ext b 0 1 2 3 4
Mse 229.04 106.096( 45.87] 17.269] 6.447
Int.Max 112 113 113.5 114 114
Int.Min =27 -27.5 -27.95 -27.75 -27.75
ALG B
Size 312
ext b 0 1 2 3 4
Mse 227.94 103.176) 43.293 15.798 5.893
Int.Max 112 113 113.5 114 114
Int.Min 27 275 -27.75 -27.75 -27.75
IALG D(simplify)
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ext b 0 1 2 3 4
Mse 183.64| 85.416/ 35.163 9.79 3.685
Int.Max 112 113) 1135 114 114
Int.Min 24 -25.5 -26 -26| -26.063
ALG_C(full)
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ext_b 0 1 2 3 4
mse 177.53| 824317 33.509 9.2l 3.363
Int.Max 112] 113 1135 114 114
[nt.Min -25  -26.51 -26.75 -27| -27.063
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7.1 MINAaUMIVUDAYRYANIY Huffman Coding
7.1.1 MsnaaeumIDUdaeYan 190y
imsdsIWadoyadidnysvinae 256lud 512108 uaz 1028 lud  euaas iy

Uszd@nsnmnisiudadeyadadnusves Huffman Coding lAansnacousans1ei 7.1

M319N 7.1 LAAINTNAFELMSTUTAT0YARIONYS Huffman Coding

In File Input (Byte) Output (byte) Compression ratio
Test_t256.txt 256 234 9%
Test t512.txt 512 '400 22%

Test t1K.txt 1,028 761 26%
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M990 7.2 ueraaminadeumsiiudadoyanin Huffman Coding ¥iia .PPM

In File Input (Byte) Output (byte) Compression ratio
img_128.ppm 65,559 24,331 63%
img_256.ppm 269,877 105,801 61%
img_512.ppm 1,048,598 403,702 62%

M 7.3 waaemsnadoumsiiudadeyantn Huffman Coding ¥ila JPG

In File Input (Byte) Output (byte) Compression ratio
img_128.jpg 3002 3237 -7%
img_256.jpg 11,546 11,789 2%
img 512.jpg 28,490 28,558 0%

M1 7.4 LeramsnagoumsDudadoyanIn Huffman Coding ¥iia .BMP

In File Input (Byte) Output (byte) Compression ratio
img_128.bmp 17,462 14,431 18%
img_256.bmp 66,614 60,346 10%
img_512.bmp 263,222 247,032 7%
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[ 3
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M99 7.5 wanamsnageumsudadeyanin Huffman Coding ¥iiA .TXT

In File Input (Byte) | Output (byte) | Compression ratio
text_im_128.txt 65,668 24,668 63%
text_im_256.txt 270,114 107,579 61%
text_im_512.txt 1,049,091 410,703 61%
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1. Top level module support code to interface with lower level

module

LIBRARY IEEE;

USE [EEE.STD_ARITH.ALL,;

USE IEEE.STD_LOGIC UNSIGNED.ALL:

ENTITY huffman 1S

PORT (
Clk ! IN STD_LOGIC;
Resetn z IN STD_LOGIC:
Go : IN STD_LOGIC:
Done : ouT STD_LOGIC;
WEn ; ouT STD_LOGIC;
Address : OUT  STD LOGIC VECTOR (17 DOWNTO 0);
Dataln : IN STD_LOGIC_VECTOR (7 DOWNTO 0);
DataOut : ouT STD_LOGIC_VECTOR (7 DOWNTO 0)
%
END huftman;

ARCHITECTURE huffman_arch OF huffman IS

COMPONENT control
PORT(
Clk : IN STD_LOGIC;
Resetn : IN STD_LOGIC;
Go : IN STD_LOGIC:
EncodeLength - IN STD LOGIC VECTOR(2 DOWNTO 0);
DoneOut : ouT  STD_LOGIC:
LoadStateOut : ouT  STD LOGIC:
ShiftStateOut o OuUT  STD_LOGIC:
ReadAddressOut ouT STD LOGIC VECTOR (5 DOWNTO 0);
WritcAddressOut ;. OQUT STD LOGIC VECTOR (5 DOWNTO 0);

WEn . ouT STD LOGIC



)
END COMPONENT;

COMPONENT huff

PORT(
Dataln : IN
Length ;o ouT
DataOut o ouT

END COMPONENT:

SIGNAL Encodel.ength
SIGNAL dgo
SIGNAL Count

SIGNAL LoadState, ShiftState :

--**previously commented out

SIGNAL UncodeData, EncodeData

SIGNAL ShiftData

SIGNAL WriteAddress, ReadAddress :

SIGNAL TempDataOut

BEGIN

CTRL : control PORT MAP(

STD _LOGIC_VECTOR (7 DOWNTO 0);
STD_LOGIC_VECTOR (2DOWNTO 0);

STD_LOGIC VECTOR (7 DOWNTO 0);

STD_LOGIC_VECTOR (2 DOWNTO 0);
STD_LOGIC ;
STD_LOGIC_VECTOR (2 DOWNTO 0);

STD_LOGIC:;

STD_LOGIC_VECTOR (7 DOWNTO 0):
STD_LOGIC VECTOR (6 DOWNTO 0);
STD_LOGIC_VECTOR (5 DOWNTO 0);

STD LOGIC VECTOR (7 DOWNTO 0):

Clk => Clk,
Reseln =2 Resetn,

Go = Go,
Encodelength  => EncodeLength,
DoneOut = one,
LoadStateOut = LoadState,
ShiftStateOut = ShiflState,
ReadAddressOut ReadAddress,
WriteAddressOut == WritcAddress,

WEn

& WEn),
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ENC : huftf PORT MAP(

Dataln => UncodeData,
Length =3 Encodel.ength,
DataOut = EncodeDala);
DataOut <= TempDataOut;
PROCESS(CIk)
BEGIN
[F( Clk'event AND Clk="1") THEN
IF (LoadState = '"1"Y THEN
ShiflData <= EncodeData(7 DOWNTO 1);
ELSIF (ShiftState = '1") THEN
ShiftData <= - & ShiftData(6 DONTO 1);
ENDIF;
[F (LoadState = "I"y THEN
TempDataOut(7) <= EncodeData(()):
ELSEIF (ShiftState = "1 THEN
TempDataOut(7) <= ShiftData(0):
END IF,
IF ((LoadState = 'I'' AND Go='l" OR ShifiState ='1") THEN

TempDataOut(6 DOWNTO 0<= TempDataOut{7 DOWNTO 1);
END IF;

IF (LoadState ='1') THEN
UncodeData <= Dataln:

END IF;

END IF;

END PROCESS;
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ADDRESS(17 DOWNTO 6) <= "000000000000";

PROCESS (LoadState, ShiftState, WriteAddress, Read Address)
BEGIN

IF (LoadStatc ='1' OR ShiftStatc ="'1") THEN

ADDRESS(5 DOWNTO 0)
ELSE

o

<= ReadAddress;

ADDRESS(5 DOWNTO 0)

WriteAddress;
END IF;

END PROCESS;
END huffiman_arch;

CONFIGURATION config_huffman OF huffiman IS
FOR huffinan_arch
END FOR;

END contig_huffman;
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2 The control system ; keep track of memory address to use

when reading and writing data to memory

LIBRARY IEEE;

USE [EEE.STD LOGIC 1164.ALL;

USE IEEE.STD_LOGIC ARITH.ALL;

USE IEEE.STD LOGIC UNSIGNED.ALL;

ENTITY control IS

PORT (
Clk ; IN
Resetn ; IN
Go ! IN
EncodelLength : IN
DoneQut - ouT
LoadStateOut - ouT
ShIFtStateOut 5 ouT
ReadAddressOut : ouT
WriteAddressOut : ouT
WEn : ouT

);

END control;

STD_LOGIC:
STD_LOGIC;
STD_LOGIC;
STD LOGIC VECTOR(2 DOWNTO 0);
STD LOGIC;
STD LOGIC ;
STD LOGIC ;
STD LOGIC VECTOR(5 DOWNTO 0);
STD LOGIC VECTOR(5 DOWNTO 0);

STD LOGIC

ARCHITECTURE control_arch OF control IS

COMPONENT state

PORT( Clk : IN STD LOGIC;
Resetn ; IN STD _LOGIC;
Go : IN  STD LOGIC:

EncodelLength : IN  STD LOGIC VECTOR(2 DOWNTO 0);
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Length : IN  STD LOGIC VECTOR(2 DOWNTO 0);
Count - IN  STD LOGIC VECTOR(2 DOWNTO 0);
Term 2 IN STD LOGIC:

LoadState  :  OUT STD _LOGIC;

ShlFtState : OUT STD LOGIC;

WriteState2 : OUT STD LOGIC;

WriteState3 :  OUT STD LOGIC

)
END COMPONENT:

SIGNAL Length : STD LOGIC VECTOR(2 DOWNTO 0);
SIGNAL Count : STD _LOGIC VECTOR(2 DOWNTO 0):
SIGNAL LoadState ; STD LOGIC;
SIGNAL ShiFtState : STD LOGIC;
SIGNAL WriteState2 STD LOGIC;
SIGNAL WriteState3 STD LOGIC,

SIGNAL WriteAddress, ReadAddress : STD LOGIC VECTOR(5 DOWNTO 0);

SIGNAL Done : STD LOGIC;

SIGNAL wrt2 : STD LOGIC ;

BEGIN
[.oadStateOut <= [.oadState:
ShlFtStateOut <= ShlFtState;
WriteAddressOult <= WritcAddress:
ReadAddressOut <L ReadAddress:
DonecOut Done;

STATE MACII : state PORT MAP(Clk => C'lk,



Resetn =>
Go =

Encodelength =>

Length =2
Count =2
Term =>
LoadState =>
ShiFtState =>
WriteState2 =>
WriteState3 =>

PROCESS(WriteState2)

BEGIN
wrt2 <= WriteState2;
I[F (wrt2="1" THEN
WEn <="'0";
ELSE
WEn <="1"
END IF;

END PROCESS;

PROCESS(Clk,Resetn)
BEGIN

IF  (Resetn='0") THEN
ReadAddress s
WriteAddress Ls=
Count <=
Length <z

Done <

ELSIF (Clk'event and Clk='1") THEN

13 (Go ="1")

Resetn,

Go,
EncodeLength,
Length,

Count,

Done,
LoadState,
ShIFtState,
WriteSt'aLeZ.

WriteState3);

(others =>"'0"):
(others =>'0");
(others =>"0');
(others =>'0");

v()v:

THEN
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IF (LoadState ='1') THEN

ReadAddress <= RecadAddress +'1";
END IF;
[F (WriteState3 ='1") THEN

WriteAddress <= WriteAddress +'1";

END IT7;

Count <= Count +'1";

END IF;

Length <= EncodelLength;
ELSIF (ShlFtState ='1") THEN
Length <= Length - '1"
END IF;
END [F;
IF (ReadAddress="111111") THEN
Done <= 1%
END IF;
END IF;

END process;

end control_arch:

CONFIGURATION config_control OF control [S
FOR control arch
END FOR;

END config_control;



3. Simple Huffman Lookup Table

LIBRARY IEEE;

USE IEEE.STD LOGIC 1164.all;

ENTITY hutt IS

PORT (
Dataln @ IN
Length : OUT
DataOut : OUT
);
END huff;

ARCHITECTURE huff arch OF hutf IS

BEGIN

PROCESS(Dataln)
BEGIN
CASE Dataln IS

WHEN "00011111" =>
Length
DataOut

WHEN "00011110" =>
Length
DataOut

WHEN "00011010" =>
Length
DataOut

WHEN "00011101" =>
Length
DataOut

WHEN "00011011" =>

STD LOGIC VECTOR(2 DOWNTO 0);

STD LOGIC VECTOR(7 DOWNTO 0)

"101";

"00011110";

"101":

"000L1111",

”101”;

"00100110";

"ol

"001001 11",

108



Length

DataOut

WHEN "00010111" ==

Length

DataOut

WHLEN "00010101" =>

Length

DataOut

WHEN "00011100" =>

Length

DataOut

WHEN "00011001" =>

Length

DataOut

WHEN "00010100" =>

Length

DataOut

WHEN "00011000" ==

Length

DataOut

WHEN "00010011" =>

Length

DataOut

WHEN "00001111" =>

Length

DataOut
WHEN "000101 10"

Length

DataOut

WHEN "00010010" ==

Length

DataOut

‘,:__ "101”‘;
<= "00101000";
<= ||10]||;
<= "00101001";
‘:::::: n l 0 1 II;
<= "00101010":

== S1OL

<= "00101011";

<= "ol
<= "00110000";
<= "101";
<= "00110001";
<= "101";
<= "00110100™;
<= "101";
<= "00110101";
<= "101";
<= "00110110";
<= 101

"00T10111",

"100";

"00000000",



Length
DataOut
WHEN "00001110" =>
Length
DataOut
WHEN "00001101" ==
Length
DataOut
WHEN "00010000" =>
Length
DataOut
WHEN "00001011" =>
Length
DataOut
WHEN "00001100" =>
Length
DataOut

WHEN "00001010" ==

I
V

Length

DataOut

Il
V

WHEN "00000111"
Length
DataOut
WHEN "00001001" =>
Length
DataOut
WHEN "00001000" =>
Length
DataOut
WHEN "000001 10" =>

Length

"100";
"00000001™;

"100";

"00000110";

"100";

"00000111":

" 100";
"00001000";

*100"

"00001001";

" ] OO”;

"00001100";

"100";

"00001101™;

i ]00”:

"00001110";

"100";
"00010000";

"100";

"00010001™;

100"
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DataOut =
WHEN "00000101" =>
Length s
DataOut e
WHEN "00000100" =>
Length <=
DataOut =
WHEN "00000011" ==
Length <=
DataOut <=
WHEN "00000010" ==
Length <=
DataOut <=
WHEN "00000001" ==
Length <=
DataOut <=

WHEN "00000000" =>

Length =
DataOut <

WHEN others =>
Length =
DataOut <=
END CASE;
END PROCESS;

END huff arch;

CONFIGURATION config_huff OF huft
FOR huff arch
END FOR;

END config hutt;

"00010010";

" lOOH;

"00011001";

"OE1"

"00000001",

"0‘11";

"00000010";

||01 ln:

"00000101";

"()lf”;

"00001011";

"010™;

"000001 11",

IS
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4. State machine which loads and compile 8-bit sequences of

huffman codes and write output to memory

LIBRARY IEEE;
USE IEEE.STD_LOGIC 1164.all;
USE I[EEE.STD_LOGIC ARITH.ALL;

USE [EEE.STD_LOGIC UNSINED.ALL,;

ENTITY state IS

PORT (

Clk : IN  STD LOGIC;

Resetn : IN  STD LOGIC;

Go : IN  STD LOGIC;

EncodeLength IN STD LOGIC VECTOR(2 DOWNTO 0);
Length : IN  STD LOGIC VECTOR(2 DOWNTO 0);
Count : IN  STD LOGIC VECTOR(2 DOWNTO 0);
Term ¢ IN  STD LOGIC;

LoadState ; OUT STD LOGIC;

ShiFtState : OUT STD LOGIC;

WriteState2 - ouT STD LOGIC;

WriteState3 : OUT STD LOGIC);

END state;

ARCHITECTURE state arch OF state IS
TYPE states IS (load, shIFt, writel, write2, write3, done);
SIGNAL current_state, next_state : states;

SIGNAL WriteState1. DoneState : STD LOGIC;

BEGIN

statetrans: PROCESS(Clk,Resetn)
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BEGIN
IF (Resetn ='0") THEN
current stale <= load:
ELSIF (Clk'event AND Clk="l") THEN
IF (Go ="1") THEN
current state <= next state:
END II;
END IF;
END PROCESS;

state: PROCESS(current_state, EncodeLength. count, length, term)

BEGIN
LoadState <= "0
ShiFtState <= "0
WriteStatel <= '0';
WriteState2 <= ol
WriteState3 <= 0
DoneState <= 0%

CASE (current state) IS
WHEN load => -—
IF (Count="111" OR (EncodeLength = "000" AND Term ="1')) THEN

next state <= writel;

ELSIF (EncodeLength = "000") THEN

next_state <= load:
ELSE
next_state <= shlFt;
END IF;
L.oadState < iy

WHEN  shlFt ==
[F (Count ="111" OR (Length ="001" AND Term —'1')) THEN
next_state L wriltel;

ELSIF (Length = "001") THEN
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next_state <= load,;
ELSE
next_state <= shlFt;
END IF;
ShiFtState <= 1%

WHEN  writel =>
next_state <= write2,
WriteStatel o 1
WHEN  write2 =>
next_state <= write3;
WriteState2 <= 5
WHEN  write3 =>
IF (Term ='1" AND Length ="000") THEN
next state <= done;

ELSIF (Length = "000") THEN

next state <= load;
ELSE

next state <= shlFt;
END IF;

WriteState3 <= T
WHEN  done =>

next state <= done;

DoneState <= bk
WHEN  others =>

next state <= done;

END CASE;

END PROCESS;

END state arch:

CONFIGURATION config state OF state IS
FOR state_arch
END FOR;

END config state;
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USE STD.TEXIO.ALL;

LIBRARY IEEE;

USE IEEE.STD_LOGIC_1164.ALL;

USE IEEE.STD_LOGIC_ARITH.ALL,;

USE [EEE.STD_LOGIC TEXTIO.ALL;

ENTITY tb_huffman [S

END tb_hufTman;

ARCHITECTURE structure  OF tb_huffman 1S

SIGNAL Resetn : STD_LOGIC;

SIGNAL Clk :  STD LOGIC;

SIGNAL Dataln : STD_LOGIC_VECTOR(7 DOWNTO 0):
SIGNAL Go : STD_LOGIC;

SIGNAL DataOut : STD_LOGIC _VECTOR(7 DOWNTO 0);
SIGNAL Address  :  STD_LOGIC VECTOR(17 DOWNTO 0);
SIGNAL Wen . STD_LOGIC;

SIGNAL Done . STD LOGIC:

CONSTANT PERIOD : time := 0.00000005 ns;
CONSTANT HALF_PERIOD : time ;= PERIOD/ 2;
CONSTANT SETTLING _TIME: time := PERIOD / 5;

COMPONENT  huffman

PORT( Resein : IN STD_LOGIC:
Clk : IN STD_LOGIC:
Dataln : IN STD _LOGIC VECTOR(7 DOWNTO 0);
Go o IN STD_LOGIC:
DataOuti o OUT STD _LOGIC VECTOR(7 DOWNTO 0);
Address : OUT STD LOGIC VECTOR(17 DOWNTO 0);

Wen : OUT STD_LOGIC;

HE
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Done : OUT STD_LOGIC);
END COMPONENT;
BEGIN
uuT hulfman

PORT MAP(Resctn, Clk, Dataln, Go, DataOut, Address, Wen. Done):

STIMULUS _RESPONSE : PROCESS

file TV : TEXT is in "huffman.tv";

VARIABLE L : LINE;

VARIABLE ~ RESETN IN : STD_LOGIC;

VARIABLE GO _IN : STD_LOGIC;

VARIABLE ~ DATAIN_IN : STD LOGIC VECTOR(7 DOWNTO 0):
BEGIN

--Get a veclor

READLINE (TV,L);

READ (L.RESETN_IN);
READ (LGO IN):
READ (L.DATAIN_IN);

IF endhle{TV) THEN wait:

END IF;

CLK L= 0%

WAIT FOR HALF PERIOD - SETTLING TIME:

--Assign input values

RESETN <= RESETN_IN;
GO %= GO_IN:
DATAIN DATAIN IN;

--Clock edge

WAIT FOR SETTLING TIME;



CLK <= "

WAIT FOR HALF_PERIOD;

END PROCESS;
END STRUCTURE;

CONFIGURATION  CFG_tb_huffman_structure OF tb_huffiman
FOR STRUTURE
FOR UUT : huffman
USE configuration WORK.conlig_huftman:
END FOR;
END FOR;

END CFG_tb_huffiman_structure;
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/" dct_33b.c DCT & IDCT lift-off structure, Scaling-Descaling, 1-2-3-4 bit trucation
(extension) */

/* 1-array, 7 September 2002, run argument*/

#include <stdio.n>

#include <math.h>

#include <malloc.h>

FILE *fp_img, *fpo_opt;

char img_file[15],opt_file[15];

float *creat_array(int);

float *f,*g;

int length,size,trc=3; /* extension_bit 0->4; 9= no truncation */
float dmax=(float)0,dmin=(float)0;

void mag_rec(float);

float truncat(float,int):

void main(argc,argv)
int argc;
char *argv[];
{
float p[8],q[8); /* DCT Size */
float mse, diff,sf=(float)1, dsf=(float)16; /* external caling & Deacaling factor */
inti,j,k,m,n length;
void argument_chk(int,char **);
int file_read(FILE *);
void forward_b(float * float*) forward_c(float * float*) forward_d(float * float*);
void invert_b(float * float*),invert_c(float * float*),invert_d(float * float*);
argument_chk(argc,arav);
length = file_read(fp_imq);
printf("\n Data from %s as %d pixel data read in".img_file length);
for(i=0;i<length;i++){ fli]=f[i]/sf:}
printf("\n - Data pre-scaling PASS\n");
g=creat_array(length);for(i=0;i<length;i++){g[i]=(float)0:}
k=0;
while(k<length) {
i=k%8; m=(k-1)/8; p[i]=f[k];
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if(i==7){ forward_d(p,q);  for(j=0;j<8;j++)}n=8"m+j; g(n]=qljl;}
K++;
}
printf("\n - Row Transform PASS\n");
m=size/8;
for(n=0;n<size:n++){
for(i=0;i<m;i++) {
for(j=0;<8;j++) {k=(8**size)+(j*size)+n; plil=glk;}
forward_d(p,q);
for(j=0;j<8;j++) {k:{8*i*size)+(j*size)+'n; alkl=qljl;}
}

}
printf("\n - Column Transform PASS\n"):

m=size/8;
for(n=0;n<size;n++){
for(i=0;i<m;i++) {
for(j=0j<8;j++) {k=(8"i"size)+(j*size)+n; p[jl=g[k];}
invert_d(p.q);
for(j=0;j<8;j++) (k=(8**size)+(j*size)+n; glkl=qlj];}
}
}

printf("\n - Column Inverse Transform PASS\n"):

k=0;
while(k<length) {
i=k%8; m=(k-1)/8; p[il=a[k];
if(i==7){ invert_d(p,q); for(j=0;j<8:j++){n=8"m+j; g[n]=q(jl:}}
k++;
}
printf("\n - Row Inverse Transform PASS\n"):
for(i=0;i<length;i++){ gli]=gli]*dsf:}
printf("\n - Qutput Descaling PASS\n");

for(i=0;i<length;i++){
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diff=flil-g[il;
mse=mse-+diff*diff;
}
mse=mse/(size*size);
printf("\n - MSE Calculation PASS\n");
if((fo_opt = fopen(opt_file,"w"))==NULL) {
printf("\n-Imaga data file not be open"); exit();
}
forintf(fp_opt,"P2\n# File: %s with %d extended bit(s) \n%d
%d\n255\n",img_file trc,size, size);
for(i=0;i<length;i++){fprintf(fp_opt,"%d ",(int)g[i]); if(i%size==size-1){fprintf
(fp_opt,"\n");} }
fclose(fp_opt);
printf("\n Scaling factor (sf) = %f",sf);
printf("\n Descaling factor (dsf) = %f",dsf);
printf("\n Max. intermediate data = %f",dmax):
printf("\n Min. intermediate data = %f",dmin);
printf("\n Number of Extension bits (trc) = %d" trc):
printf("\n Mean Square Errors (mse) = %f" mse):

}

/t************,{

void argument_chk(int gc,char **gv)
{
char chk[1]=""iext[4]=".txt" exten[4]=".out";
char blk[15]=""

iftgc==1) {
printf("\n Usage :");
printft"\n dct_nn (inputfile outputfile) or');
printf("\n  dct_nn (inputfile \n");
exit(00);
}
else iffgc==2) {

strepy(img_file,gv[1]);
if((fopen(img_file,"r"))==NULL) {

printf("\n%s -file not found!1",img_file):



printf("\nLooking for %s.txt",img_file);
strncat(blk,img_file,strcspn(img_file,chk));
strncat(blk,iext,4);
strepy(img_file,blk);
}
strepy(blk,");
strncat(blk,img_file,strcspn(img_file,chk)):;
strncat(blk,exten,4);
strcpy(opt_file,blk);
}
else if(gc==3) {
strepy(img_file,gv[1]);
strepy(opt_file,gv[2]); }
else {printf("\nformat specification error!!"); exit(0):}

}

/******************/‘

int file_read (FILE *fp_img)
{
int k,dat;
if((fp_img = fopen(img_file,"r"))==NULL) {
printf("\n-Imaga data file not found"); exit();
}
k=0;
while(fscanf(fp_img,"%d" &dat)|=EOF) k++:
size=(int)sqrt(k);
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if(size*size!=k) {printf("\n%d wrong number of data to process!"): exit();}

printf("\n Image frame size = %d" size);
f=creat_array(k);
fseek(fp_img,0,0);
k=0;
while(fscanf(fp_img,"%d" &dat)!=EOF) {f[k]=(float)dat:k++:}
fclose(fp_img);
return(k);

}

/‘***‘k**‘k***ttx*’,‘



float truncat(float u,int m)

{

float w,z;

iflu<C){z=(int)u-u;}

else {z=u-(int)u;}

if (m==9) /* no trucation; unlimited extension */

{

w=z;}

else if (m==4) /* 4 bits extension bit */

{

}

if(z<0.0625) w=(float)0;

else if((z>=0.0625)&8&(z<0.125))
else if((z>=0.125)&&(z<0.1875))
else if((z>=0.1875)8&(z<0.25))
else if((z>=0.25)&&(z<0.3125))
else if((z>=0.3125)&&(z<0.375))
else if((z>=0.375)&8&(z<0.4375))
else if({(z>=0.4375)&&(z<0.50))
else if((z>=0.50)&&(z<0.5625))
else if((z>=0.5625)8&(z<0.625))
else if((z>=0.625)&&(z<0.6875))
else if((z>=0.6875)&&(z<0.75))
else if((z>=0.75)&&(z<0.875))
else if((z>=0.875)&&(z<0.9375))
else w=(float)0.9375;

else if (m==3) /* 3 bits extension bit */

{

if(z<0.125) w=(float)0;

else if((z>=0.125)&&(z<0.25))
else if((z>=0.25)&&(z<0.375))
else if((z>=0.375)&&(z<0.5))
else if((z>=0.5)&&(z<0.625))
else if((z>=0.625)&&(z<0.75))
else if((z>=0.75)&&(z<0.875))
else w=(float)0.875;

w=(float)0.0625;
w=(float)0.125;
w=(float)0.1875;
w=(float)0.25;
w=(float)0.3125;
w=(float)0.375;
w=(float)0.4375;
w=(float)0.50;
w=(float)0.5625;
w=(float)0.625;
w=(float)0.6875;
w=(float)0.75;
w=(float)0.875;

w=(float)0.125;
w=(float)0.25;
w=(float)0.375;
w=(float)0.5;
w=(float)0.625;
w=(float)0.75;
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}
else iflm==2)  /* 2 bits extension bit */
{
if(z<0.25) w=(float)0;
else if((z>=0.25)&8&(z<0.50)) w=(float)0.25;
else if((z>=0.50)&&(z<0.75)) w=(float)0.50;
else w=(float)0.75;

}
else iflm==1)  /* 1 bit extension bit */
{
if(z<0.5) w=(float)0;
else w=(float)0.5;
}

else  /* zero extension bit */
{w=(float)0;}
if(u<0){w=(int)u-w:}

else {w=(intu+w;}

return (w);

}

/**************/

/**************/

void forward_d (float *x,float *y)

{

float a,b;

float p1=(float)0.5, u1=(float)0.375;

float p2=(float)0.875, u2=(float)0.5;

float p3=(float)0.1875, u3=(float)0.25;

float p4=(float)0.4375,u4=(float)0.75;

/*float p3=(float)0.25, u3=(float)0.25;

float p4=(float)0.5,u4=(float)0.75;*/

float p5=(float)0.375;

int i;

for(i=0;i<8;i++){x[i]=x[i}/4;} /* input data scaling followed by bty scaling®/
a=x[0]+x[7]; b=x[01-x[71;x[0]=a/2; x[7]=b/2; x[0]=truncat(x[0] trc): x[7]=truncat(x[7],trc);

mag_rec(x[0]); mag_rec(x[7]);
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a=x[1]+x[6]; b=x[1]-x[6];x[1]=a/2; x[6]=b/2; x[1]=truncat(x[1],trc); x[6]=truncat(x[6],trc);
mag_rec(x[1]); mag_rec(x[6]);
a=x[2]+x[5]); b=x[2]-x[5];x[2]=a/2; x[5]=b/2; x[2]=truncat(x[2] trc); x[5]=truncat(x[5] trc);
mag_rec(x[2]); mag_rec(x[5]);
a=x[3]+x[4]; b=x[3]-x[4];x[3]=a/2; x[4]=b/2; x[3]=truncat(x[3] trc); x[4]=truncat(x[4] trc);
mag_rec(x[3]); mag_rec(x[4]);

/" insert pipeline state here */

x[5]=x[5]-p4*x[6]; x[5]=truncat(x[5],trc); mag_rec(x[5]);
X[B6]=x[6]+ud*x[5]: x[6]=truncat(x[6],trc); mag_rec(x[6]);
x[5]=p5*x[6]-x[5]; x[5]=truncat(x[5] trc); mag_rec(x[5]):
j*****l

a=x[0]+x[3]; b=x[0]-x[3];x[0]=a/2; x[3]=b/2; x[0]=truncat(x[0] trc); x[3]=truncat(x[3] trc);
mag_rec(x[0]); mag_rec(x[3]);
a=x[1]+x[2]; b=x[1]-x[2];x[1]=a/2; x[2]=b/2; x[1]=truncat(x[1],trc); x[2]=truncat(x[2] trc):
mag_rec(x[1]); mag_rec(x[2]):
a=x[4]+x[5]; b=x[4]-x[5];x[4]=a/2; x[5]=b/2; x[4]=truncat(x[4] trc); x[5]=truncat(x[5],trc);
mag_rec(x[4]); mag_rec(x[5]):
a=x[7]+x[6]; b=x[7]-x[6];x[7]1=a/2; x[6]=b/2; x[7]=truncat(x[7] trc); x[6]=truncat(x[6],trc);
mag_rec(x[7]); mag_rec(x[6));

/*insert pipelinehere */

x[4]=p3*x[7]-x[4]; x[4]=truncat(x[4],trc); mag_rec(x[4]);
X[71=x[7]-u3*x[4]; x[7]=truncat(x[7] trc); mag_rec(x[7]);
X[5]=x[5]+p2*x[6]; x[5]=truncat(x[5].trc); mag_rec(x[5]);
X[6]=x[6]-u2*x[5]; x[6]=truncat(x[6],trc); mag_rec(x[6]);

x[0]=x[0]+x[1]; x[0}=truncat(x[0] trc); mag_rec(x[0]);
X[1]=x[0)/2-x[1]; x[1]=truncat(x[1],trc); mag_rec(x[1]);
X[2]=p1*x[3]-x[2]; x[2]=truncat(x[2],trc); mag_rec(x[2]);
X[3]=x[3]-u1*x[2]; x[3]=truncat(x[3],trc); mag_rec(x[3]);
/**o/p map **/

y[0]=x[0];

y[41=x[1];

y[6]=x[2];

yl[2]=x[3];

y[71=x[4];

y[51=x[5];



y[31=x[6];
y[11=x[7];
}

/************’I

void invert_d(float *y, float *x)

{

float a,b;

float p1=(float)0.5, u1=(float)0.375;
float p2=(float)0.875, u2=(float)0.5;
float p3=(float)0.1875, u3=(float)0.25:
float p4=(float)0.4375,u4=(float)0.75;
/*float p3=(float)0.25, u3=(float)0.25:
float p4=(float)0.5,u4=(float)0.75:*/
float p5=(float)0.375;

y[4]=y[0)/2-y[4]; x[4]=truncat(x[4]trc); mag_rec(x[4]);

y[0]=y[0]-y[4]; x[0]=truncat(x[0],trc); mag_rec(x[0]);
y[2]=y[2]+u1*y[6]; x[2]=truncat(x[2] trc); mag_rec(x[2]):

y[6]=p1*y[2]-y[6]; x[6]=truncat(x[6],trc): mag_rec(x[6]);

y[3]=y[3]+u2*y[5]; x[3]=truncat(x[3] trc); mag_rec(x[3]);

y[5]=y[5]-p2*y[3]; x[5]=truncat(x[5] trc); mag_rec(x[5]);

y[11=y[11+u3*y[7]; x[1]=truncat(x[1] trc); mag_rec(x[1]):

y[71=p3*y[1]-y[7]; x[7]=truncat(x[7] trc); mag_rec(x[71);
/*pipe line

yl4]=2"y[4]; y[6]=2"y[6); y[0]=2*y[0]; y[2]=2*y[2];
yl71=27y(7]; y8]=2"y(5]; y[11=2"y[1]; y[3]=2*y[3]; *

a=y[4]+y[6]; b=y[4]-y[6];y[4]=a; y[6]=b; x[4]=truncat(x[4] trc); x(6]=truncat(x[6] trc):

mag_rec(x[4]); mag_rec(x[6]):

a=y[0]+y[2]; b=y[0]-y[2]:y[0]=a; y[2]=b; x[0]=truncat(x[0] trc); x[2]=truncat(x[2].trc):

mag_rec(x[0]); mag_rec(x(2]):

a=y[7]+y[8]; b=y[7]-y[5];y[7]=a; y[5]=b; x[7]=truncat(x[7] trc); x[5]=truncat(x[5].trc):

mag_rec(x[7]); mag_rec(x[5]);

a=y[1]+y[3]; b=y[1]-y[3],y[1]=a; y[3]=b; x[1]=truncat(x[1],trc); x[3]=truncat(x[3].trc):

mag_rec(x[1]); mag_rec(x[3]);

Jrrey
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y[6]=p5*y[3]-y[5]; x[5]=truncat(x[5],trc); mag_rec(x[5]);

y[3]=y[3]-u4*y[5]; x[3]=truncat(x[3],trc); mag_rec(x[3]);

y[5]=y[5]+p4*y[3]; x[5]=truncat(x[5],trc); mag_rec(x[5));

11

a=y[2]+y[7]; b=y[2]-y[7];y[2)=a; y[7]=b; x[2]=truncat(x[2] trc); x[7]=truncat(x[7],trc);
mag_rec(x[2]); mag_rec(x[7]);

a=y[6]+y[5]; b=y[6]-y[5];y[6]=a; y[5]=b; x[6]=truncat(x[6],trc); x[5]=truncat(x[5],trc);
mag_rec(x[6]); mag_rec(x[5));

a=y[4]+y[3]; b=y[4]-y[3];y[4]=a; y[3)=b; x[4]=truncat(x[4] trc); x[3]=truncat(x[3],trc);
mag_rec(x[4]); mag_rec(x[3]);

a=y[0]+y[1]; b=y[0]-y[1]):y[0]=a; y[1]=b; x[0]=truncat(x[0] trc); x[1]=truncat(x[1],trc):
mag_rec(x[0]); mag_rec(x[1]);

/* ofp map */

x[0]=y[0];

x[1]=y[4];

x[2]=y[6];

x[3]=yl2];

x[4]=y[7];

x[6]=y(5];

x[6]=y[3];

x[7]=y(1];

}

’[**t********’[

void forward_c (float *x.float *y)

{

inti;

float a,b;

for(i=0;i<8;i++){x[i]=x[i}/4;} /* input data scaled by 4 followed by bty scaling of2*/
a=x[0]+x[7]; b=x[0]-x[7]:x[0]=a/2; x[7]=b/2; x[0]=truncat(x[0] trc); x[7]=truncat(x[7],trc);
mag_rec(x[0]); mag_rec(x[7]); '
a=x[1]+x[6]; b=x[1]-x[6];x[1]=a/2; x[6]=b/2; x[1]=truncat(x[1],trc); x[6]=truncat(x[6].trc);
mag_rec(x[1]); mag_rec(x[6]);

a=x[2]+x[5]; b=x[2]-x[6];x[2]=a/2; x[5]=b/2; x[2]=truncat(x[2] trc); x[5]=truncat(x[5] trc);

mag_rec(x[2]); mag_rec(x[5]);
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a=x[3]+x[4]; b=x[3]-x[4];x[3]=a/2; x[4]=b/2; x[3]=truncat(x[3],trc); x[4]=truncat(x[4] trc);
mag_rec(x[3]); mag_rec(x[4]);

/*insert pipeline state here */

x[6]=x[6]+3*x[5]/8; x[6]=truncat(x[6].trc); mag_rec(x[6]);

x[6]=5"x[61/8-x[5]; x[5]=truncat(x[5],tirc); mag_rec(x[5]);

[raren)

a=x[0]+x[3]; b=x[0]-x[3];x[0]=a/2; x[3]=b/2; x[0]=truncat(x[0].trc); x[3]=truncat(x[3],trc):
mag_rec(x[0]); mag_rec(x[3]);

a=x[1]+x[2]; b=x[1]-x[2];x[1]=a/2; x[2]=b/2; x[1]=truncat(x[1],trc); x[2]=truncat(x[2],trc):
mag_rec(x[1]); mag_rec(x[2]);

a=x[4]+x[5]; b=x[4]-x[5];x[4]=a/2; x[5]=b/2; x[4]=truncat(x[4],trc); x[5]=truncat(x[5],trc):
mag_rec(x[4]); mag_rec(x[5]);

a=x[71+x[6]; b=x[71-x[6];x[7]=a/2; x[6]=b/2; x[7]=truncat(x[7] trc); x[6]=truncat(x[6],trc);
mag_rec(x[7]); mag_rec(x[6]);

/*insert pipelinehere */

x[4]=x[4]-x[71/8; x[4]=truncat(x[4] trc); mag_rec(x[4]);

x[0]=x[0]+x[1];  x[0]=truncat(x[0] trc); mag_rec(x[0]);

x[1]=x[0)/2-x[1]; x[1]=truncat(x[1],trc); mag_rec(x[1]);

x[2]=x[2]-3*x[3]/8; x[2]=truncat(x[2],trc); mag_rec(x[2]);

X[3]=x[3]+3*x[2)/8; x[3]=truncat(x[3],trc); mag_rec(x[3]);

X[5]=x[5]+7*x[6]/8; x[5]=truncat(x[5],trc); mag_rec(x[5]);

x[6]=x[6]-x[5]/2; x[6]=truncat(x[6] trc); mag_rec(x[6]);

[**o/p map **/

y[0]=x[0];

y[41=x[1];

y[6]=x[2];

y[2]=x[3];

y[71=x[4];

y[5]=x[5];

y[3]=x[6];

y[1I=x[7];

}
Jrernrbrnns
veid invert_c(float *v, float *x)

{
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float a,b;
y[4]=y[01/2-y[4]; y[4]=truncat(y[4]trc); mag_rec(x[4]);

y[0]=y[0]-y[4]; y[0]=truncat(y[0],trc); mag_rec(x[0]);
y[2)=y[2]-3*y[6)/8; y[2]=truncat(y[2],trc); mag_rec(x[2]);
y[6]=y[6]+3*y[2)/8; yl6]=truncat(y[6] trc); mag_rec(x[6]);

y[3]=y[3]+y[5)/2; y[3]=truncat(y[3] trc); mag_rec(x[3]);

y[5]=y[5]-7*y[3)/8; y[5]=truncat(y[5],trc); mag_rec(x[5]);

y[71=y[71+y[11/8; y[7]=truncat(y[7].trc); mag_rec(x[7));

/*pipe line */

a=y[4]+y[6]; b=y[4]-y[6]:y[4]=a; y[6]=b; x[4]=truncat(x[4] trc); x[6]=truncat(x[6] trc);
mag_rec(x[4]); mag_rec(x[6]); '

a=y[0]+y[2]; b=y[0]-y[2];y[0]=a; y[2]=b; x[0]=truncat(x[0],trc); x[2]=truncat(x[2] trc):
mag_rec(x[0]); mag_rec(x[2]);

a=y[7]+y[5]; b=y[7]y[5]:y[7]=a; y[5)=b; x[7]=truncat(x[7],trc); x[5]=truncat(x[5] trc);
mag_rec(x[7]); mag_rec(x[5));

a=y[1]+y[3]; b=y[1]-y[3];y[1]=a; y[3]=b; x[1]=truncat(x[1],trc); x[3]=truncat(x[3],trc);

mag_rec(x[1]); mag_rec(x[3]);

/'k**lf

y[5]=5*y[3)/8-y[5]; y[5]=truncat(y[5],trc); mag_rec(x[5]):
y[3]=y[3]-3*y[5)/8; y[3]=truncat(y[3],trc); mag_rec(x[3));
1**/

a=y[2]+y[7]; b=y[2]-y[7]:y[2]=a; y[7]=b; x[2]=truncat(x[2] trc); x[7]=truncat(x[7].trc);
mag_rec(x[2]); mag_rec(x[7]);

a=y[6]+y[5]; b=y[6]-y[5);y[6]=a; y[5]=b; x[6]=truncat(x[6] trc); x[5]=truncat(x[5],trc):
mag_rec(x[6]); mag_rec(x[5]);

a=y[4]+y[3]; b=y[4]-y[3]:y[4]=a; y[3]=b; x[4]=truncat(x[4] trc); x[3]=truncat(x[3].trc);
mag_rec(x[4]); mag_rec(x[3]);

a=y[0]+y[1]; b=y[0]-y[1];y[0]=a; y[1]=b; x[0]=truncat(x[0],trc); x[1]=truncat(x[1],trc);
mag_rec(x[0]); mag_rec(x[1]);

/* olp map */

x[0]=y[0];

x[1]=y[4];

x[2]=y[6];

x[3]=y[2];

x[41=y[7];
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x[5]=y[5];
x[6]=y(3];
x[7]=y[1];
}

/*************t*t***}f

void forward_b (float *x,float *y)

{

inti;

float a,b;

for(i=0;i<8;i++){x[i]=x[i]/4;} /*-inbut data scaled by 4 followed by bty scaling of2*/
a=x[0]+x[7]; b=x[0]-x[7];x[0]=a/2; x[7]=b/2; x[0)=truncat(x[0].trc); x[7]=truncat(x[7],trc):
mag_rec(x[0]); mag_rec(x[7]);

a=x[1]+x[6]; b=x[11-x[6];x[1]=a/2; x[6]=b/2; x[1]=truncat(x[1].trc); x[6]=truncat(x[6],trc):
mag_rec(x[1]); mag_rec(x[6]);

a=x[2]+x[5]; b=x[2]-x[6];x[2]=a/2; x[5]=b/2; x[2]=truncat(x[2] trc); Xx[5]=truncat(x[5] trc);
mag_rec(x[2]); mag_rec(x[5]);

a=x[3]+x[4]; b=x[3]-x[4];x[3]=a/2; x[4]=b/2; x[3]=truncat(x[3] trc); x[4]=truncat(x[4] trc):
mag_rec(x[3]); mag_rec(x[4]);

*insert pipeline state here */

x[6]=x[6]+3*x[5]/8; x[6]=truncat(x[6].trc); mag_rec(x[6]);

x[5]=5"x[61/8-x[5]; x[5]=truncat(x[5],trc); mag_rec(x[5]);

[rrvin)

a=x[0]+x[3]; b=x[0]-x[3];x[0]=a/2; x[3]=b/2; x[0]=truncat(x[0] trc); x[3]=truncat(x[3],trc):
mag_rec(x[0]); mag_rec(x[3]);

a=x[1]+x[2]; b=x[1]-x[2):x[1]=a/2; x[2]=b/2; x[1]=truncat(x[1],trc); x[2)=truncat(x[2] trc);
mag_rec(x[1]); mag_rec(x[2]);

a=x[4]+x[5]; b=x[4]-x[5];x[4]=a/2; x[5]=b/2; x[4]=truncat(x[4] trc); x[5]=truncat(x[5],trc):
mag_rec(x[4]); mag_rec(x[5]);

a=x[7]+x[6]; b=x[71-x[6];x[7]=a/2; x[6]=b/2; x[7]=truncat(x[7] trc): x[6]=truncat(x[6],trc);
mag_rec(x[7]); mag_rec(x[6]);

/*insert pipelinehere */

x[4]=x[41-x[7)/8; x[4]=truncat(x[4] trc); mag_rec(x[4]):

x[0]=x[0]+x[1];  x[0]=truncat(x[0],trc); mag_rec(x[0}):;

x[1]=x[0)/2-x[1]; x[1]=truncat(x[1].trc); mag_rec(x[1]);

x[2]=x[2]-3*x[3)/8; x[2]=truncat(x[2],trc); mag_rec(x[2]);



x[3]=x[3]+3*x[2)/8; x[3]=truncat(x[3],trc); mag_rec(x[3]);

x[6]=x[6]-3*x[5)/4; x[6]=truncat(x[6]trc); mag_rec(x[6]);
x[5]=x[5]+x[6)/2; x[5]=truncat(x[5],trc); mag_rec(x[5));
x[6]=x[6]-x[5)/8; x[B]=truncat(x[6].trc); mag_rec(x[6]);
/**o/p map **/

y[0]=x[0];

y[41=x[1];

y[6]=x[2];

y[2]=x[3];

y[71=x[4];

y[5]1=x[5];

y[3]=x(6];

y[11=x[7];

}

If************fl

void invert_b(float *y, float *x)
{
float a,b;

y[4]=y[0)/2-y[4]; y[4]=truncat(y[4],trc); mag_rec(x[4]):

y[0]=y[0]-y[4]; y[0]=truncat(y[0] trc); mag_rec(x[0]);
y[2]=y[2]-3*y[6]/8; y[2]=truncat(y[2],trc); mag_rec(x[2]):
y[6]=y[6]+3*y[2]/8; y[6]=truncat(y[6].trc); mag_rec(x[6]);

y[31=y[3]+y[5)/8; y[3]=truncat(y[3],trc); mag_rec(x[3]);

y[5]=y[5]-1*y[3)/2; y[5]=truncat(y[5],trc); mag_rec(x[5));
y[3]=y[3]+3*y[5])/4; y[3]=truncat(y[3],trc); mag_rec(x[3)):

y[71=y[71+y[11/8; y[7]=truncat(y[7] trc); mag_rec(x[7]);
[*pipe line */

a=y[4]+y[6]; b=y[4]-y[6];y[4]=a; y[6]=b; x[4]=truncat(x[4] trc); X[6]=truncat(x[6] trc);

mag_rec(x[4]); mag_rec(x[6]);

a=y[0]+y[2]; b=y[0]-y[2];y[0]=a; y[2]=b; x[0]=truncat(x[0] trc); x[2]=truncat(x[2],trc):

mag_rec(x[0]); mag_rec(x[2]);

a=y[7]+y[5]; b=y[7]-y[51]y[7]=a; y[5]=b; x[7]=truncat(x[7] trc); x[5]=truncat(x[5].trc):

mag_rec(x[7]); mag_rec(x[5]):

a=y[1]+y[3]; b=y[1]-y[3];y[1]=a; y[3]=b; x[1]=truncat(x[1] trc); x[3]=truncat(x[3],trc):

mag_rec(x[1]); mag_rec(x[3));
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/***’f

y[5]=5*y([3)/8-y[5]; y[56]=truncat(y[5].trc); mag_rec(x[5));
y[3]=y[3]-3*y[5)/8; y[3]=truncat(y[3].trc); mag_rec(x[3]);
Ve

a=y[2]+y[7]; b=y[2]-y[7];y[2]=a; y[7]=b; x[2]=truncat(x[2].trc): x[7]=truncat(x[7].trc);

mag_rec(x[2]); mag_rec(x[7]);

a=y[6]+y[5]; b=y[6]-y[5]);y[6]=a; y[5]=b; x[6]=truncat(x[6],trc); x[5]=truncat(x[5],trc):

mag_rec(x[6]); mag_rec(x[5]);

a=y[4]+y[3]; b=y[4]-y[3];y[4]=a; y[3]=b; x[4]=truncat(x[4] trc); x[3]=truncat(x[3],trc):

mag_rec(x[4]); mag_rec(x[3]);

a=y[0]+y[1]; b=y[0]-y[1];y[0]=a; y[1]=b; x[0]=truncat(x[0],trc): x[1]=truncat(x[1],trc):

mag_rec(x[0]); mag_rec(x[1]);
/" olp map */
x[0]=y[0];
x[1]=y[4];
x[2]=yl6l;
x[3]=y[2];
x[41=y[7];
x[5]=y(5];
x[6]=y[3];
x(71=y[];
}
Jrieenan
void mag_rec(float z)
{
if(z>dmax) dmax=(float)z;
if(z<dmin) dmin=(float)z;
}
Jrrrns)
float *creat_array(int n)
{
float *plag;
if(n!=0) {
plag = (float*)calloc(n sizeof(float));

if(plag==(float*)NULL) {printf("\nFlag error!! Qut of memory"); exit(0): }
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1
return (plag);

}

/****W***t**t*****/
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Abstract

To enhance the applications to modern smart card

system and on the fly data encryption/decryption system,
an On-chip Data Storage with ECC cryptosystem was
designed. The ElGamal Elliptic Curve Cryptosystems
with the key size of 176 bits was chosen to ensure the

security level and with short key size. The design can be

configured to be either for encryption or the decryption
with a single control signal. To minimize the hardware
cost, size and complexity, the slightly modified fix-
coefficient bit-serial finite field multiplier has been
employed. The prototype implementation on FPGA
proved the concept idea and the mathematics behind.

Keywords: Elliptic Curve Cryptography, ECC
Cryptosystems, Smart Card, Finite Field

1. Introduction

One most important application of a portable on-
chip data storage and corresponding processor is smart
card. A class of contact smart card can incorporate a tiny
microprocessor and a set of memory. Data stored are
divided into zones according to their accessibility, i.e.,
open zone, secret zone and user record. Firstly developed
in 1950 by Diners Club, the nowadays smart card is
much more smart. It can accommodate more information
and covers most area of applications; ticket, phone card,
credit card, medical card and so on. Despite the
operation of smart cards that quite varies, the common
issue is data security. Data stored as well as data
transmitted or received are in the form that are not easy
to be guessed or understood. Generally those texts are
ciphered or encrypted by using a special class of
mathematics,

The cryptosystems can be categorised into two
groups, symmetric cryptography and asymmetric
cryptography. DES (Data Encryption Standard) is a well-
known and well-accepted class of the first one. The
proposing FIP PUB 46-3 (Triple DES), 64 bits key size
is shared between the sender and the receiver. Although
DES seems to be able to guarantee a good level of
security, its weakness is a single key system. The
encrypted word can be easily cracked if the key and the
procedure are known. An alternative class of
cryptosystems, asymmetric type, provides better security
according its 2-key system, private key and public key.
RSA developed by Rivest Chamir and Aldenman based

on integer factorization. The security relies on the integer
size. Modulo operation of those big numbers is fairly
clumsy and time-consuming. Discrete Logarithm
Cryptosystems (DLC) based on finite field of GF(2™([3]
offers better computation and storage efficiency.
However, its key size is considerably long ie., 512-1024
bits. Rather than elements are defined only in the finite
field of GF(2™), they can be also member of points
defined by elliptic curve equation. ElGamal
Cryptosystems under elliptic curve therefore requires
shorter key compared to its DLC version. For
comparable level of security, the ECC may require the
key size of 155-201 bits. For a general purpose,
cryptosystem processor, the ElGamal technique can be
implemented as a processor-based hardware [1].

In this paper we propose an implementation of data
encryption/decryption scheme that could be either
applied to smart card system or transmitting and
receiving data with ciphering and deciphering capability.
Mathematical background of cryptosystem, in particular
ElGamal Elliptic Curve Cryptosystems as well as the
corresponding example are given in the following
section 2. A discussion of hardware for implementing
such an algerithm is also discussed. In section 3, the
architecture that emphasizes the working in a pair of the
encrypter and the decrypter is elaborated. Several
mathematic operations can be computed off line. As a
result, this piece of hardware just have to compute only a
few simple multiplications. Bit serial design has further
reduced the multiplier size. The architecture given in
section 2 is then implemented with FPGA as detailed in
section 3 before the conclusion of our works.

2. Elliptic Curve Cryptography

21 ElGamal Public Key Cryptography

A standard ElGamal public-Key cryptography is
based on the large integer prime field Zp of which o is a
root, for instant £ = 2357 and « = 2. A private key a, can
be chosen arbitrarily, ae Z,. The public key R is
defined such that R(P, o, a®). The sender chooses k as an

arbitrary to compute }/:(Zk mod p. A message

k
me Zp is encrypted as 5=m(a") mod p . Both

and & are then sent through the communication channel.
Once the receiver has received the messages, he
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computes 3 = """ mod P . The sent message can
be decrypted as m = -5 mod p . It should be noted
that o = a* .

The polynomial version operates in the similar
manner. The degree n ireducible polynomial chosen

such that the Galois field GF(2") of which a is a root is
defined. Text message is then described as a polynomial

of degree n-I, ie., m(x):Z:_::m,.x" where m; is a
member of GF(2).
2.2 Elliptic Curves Mathematics

Elliptic curves cryptography is preferably
implemented using non-supersingular curve because of
its better security. The underline field of characteristic 2,
GF(2™) is then the set of solution to the equation

YVi+xy=xP+A4Ax*+8 )

where 4, BeGF(2™) and B = 0. Number of
points on an elliptic curve, order of the curve, is denoted
by #E.

Let Pe(x,) ) be a member of those points,
then —P e (X, +X). For all Qe (x,,y,) with
P,Q = o (where O denotes the point at infinity) and
Q # P, theresulted P+ Q € (x,, y,) are as follows:

[ )
(y1+y2J +y‘+y2+(xl+x2)+A, PzQ
v =X +x, X, +X,
L
J.‘l—'i'—T, P=Q
Xy
and
+
u(xI+x2)+Jc_.,+yl, E#(
X, + X,
Ya=
xf+(xl+i}le3+x3, P=0
{ *

2.3 Elliptic Curve Public-Key Cryptosystems

Let P be a fix point as a member of #E(Set of
Elliptic Curve). The sender A can choose randomly an
uteger a as a private key where a € GF(2™) . With ths
private key a, the public key R can be computed from R
= aP. With another randomly chosen k, k € GF(2™),

the fix point Q also can be computed from Q = kP. The
sender A encrypts his massage M by making use of
kR =akP=(x',y') as m=MKR, preferably,

my =M x" and m, =M,y', where M = M, + M. The

encrypted words then sent along with Q.
Once the encrypted words received by the receiver
B, with A's private key, he computes
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aQ =akP =(x',y").
m(x)" = M,x'(x)™" and my(y) =M,y ()
are computed and the original messages M; and M are
obtained respectively. It should be noted that, firstly, the
private key a, must be known to both the sender and the
receiver in prior. Secondly, in obtaining the original
message, two inversions are required.

Subsequently

2.4 Illustrative Example

The Elliptic Curve Cryptosystems (ECC) with the
key size of 155 to 201 bits can yield the similar level
security as Discrete Logarithm Cryptosystems (DLC)
with the key size of 512 to 1024 bits. The ECC is
therefore superior to DLC in terms of block length and
storage requirement. Our implementation is based on the
key size of 176 bits where GF(2'") is the underline field.

1) To minimize the hardware complexity (wiring
complexity according to the feedback path and
number of XOR gates), the irreducible polynomial

I(x) =x" +x"" + x> + x? +1 was chosen.

2)A and B, A,B € GF(2""®) are chosen as arbitraries:

A = 6fde a37¢ cb7c 6443 44de 2368 dba3 c524 bd4a e585 bbéc
B = 8a38 e3e4 1595 58f a35e c0a2 ddb1 d80a 8984 bc08 491

3) With such 4 and B in 2), there could be possible
solutions to the elliptic curve equation;

y:i+xy=x*+A4Ax*+B )

Subsequently we yield a fix point P(x,p) of the curve
X = 9e15 2cda 822 e6eB 23d7 674e 72e5 a195 44b2 357 c3d1
y = 8bf3 eTed dbeQ 3681 aa7b c488 1815 dba6 c633 569a 43b3.

4) Regardless of the computing complexity at this step,
A private key a is freely chosen and similar as k.
As an example, a = 75 and k = 100 were
arbitrarily chosen.
5) The encrypter has to compute
kR = akP =(x',y"), R denotes the public key and
we yield

x' = {874 8697 a7d1 73d5 da23 9933 615f 89d1 aef7 93af c1ed
y' = 34ab ecbb ag5f 327f ffb2 5072 c7a8 65d5 ddSa 471e 8422

6) The encrypted messages are computed as
m; =M x" and m; = My’ where M, and M, are
consecutive blocks of which the data length is m bits
(176 bits).
7) Encrypted messages are fed into and stored in the
array of Flash ROMSs which can be on chip or can be
a separate module,
Operation 6) and 7) can repeat many times until all
the data is encrypted and stored.
To read out the encrypted messages, operations are
as follows:
1) Q = kP is pre-computed and aQ = (x' ')
2) Step 1) could be omitted since the encrypter and the
decrypter are in the same module. From 5) above
()" and ()" can be computed.
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(x' ) = 78¢4 1832 G4fe 4305 7a4dc 2f3e 9cd2 88bd 8d1c e7ee be32
(y‘) = [B4c b612 cb58 5156 292d f8d1 0e60 6¢Ba a4c9 677a a0ba

3) Subsequently;
My =m ()™ and M, = my ()™ 3
Operation in 3) is to be repeated until all the data
are decrypted.

3. Architecture

ElGamal Elliptic Curve Public-Key Encryption
discussed in section 2 above can be more simplified
when the encrypter circuit and the decrypter circuits are
sitting aside. That is, x', ', (x)"' and (y"y" can be pre-
computed and kept in the registers. The encrypter then
just have to compute

m =M x" and m, =M,)' ()
At the receiving end, the decrypter has to compute
m, ey =i\/1’]x'(x')’l (51
and
my (V) =MLy ()™ (5.2
The operation is illustrated in Fig.1. The advantage
of this architecture is the minimum hardware

requirement. Only a merely fix-coefficient multiplier can
be used when the hardware is programmed to be just
only for encryption or decryption. Such a multiplier can
be also used alternately for encryption and decryption in
a half duplex operation.

=i Encrypton ]
m, = M,x Cipharted
T——l Wy >
5 5
3 1T 2
ElAaBax Q
s Pra-Computation ) X, ¥, () () e
3 g
e Ko | 3
M, = m,{x)" il
~if My=myy)t  [E—

Fig. 1 Encryption and decryption scheme when the
encrypter and the decrypter are sitting aside

For encryption, the multiplier has to compute M;x'
and M;x'. For decrypnon., a similar multiplier has to
compute m;(x')" and my(x")". A single multiplier can be
used be modified to cover 2-4 coefficients. Even so, with

careful selection of the multiply end, the complexity of

this merely bit-serial fix-coefficient multiplier is much
simpler than a general purpose one [2,3]. The
architecture is depicted in Fig 2.

Note that, the multiplication is performed over the
Galois field, selection of the irreducible polynomial can
effect the wiring complexity. In practical, select one that
has small number of terms (i.e. 5 terms). The proposed
architecture also has some drawbacks, for instants, it is
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not flexible to change the private key and/or public key.
If one wants to do so, this piece of hardware then
requires the capability of elliptic equation solving,
inversion and multiplication. The circuit size then cannot
be kept minimum. For current chip design and VLSI
technology, the hard-wire program as our approach, it is
not very difficult.

178 bit Data Regsster
x
¥
ey!
yr'
M M,
M X, M.y
| LT | 1780t | o akie i Y
Bit-senal
Muitiplier
L L1 | 16 0e | GF(2'% m, 0y, mygyy!
m, m,

Fig. 2 An architecture when a single fix-coefficient
bit-serial multiplier is used

In the case that the multiplier has to be the general
purpose one, the number of required gate is fairly big.
Multiplication in the composite field can be alternatively
performed in the composite filed, GF(2™™ [4] For
mstant, 176 can be factorised as 16x11; ie., GF(2'9)" or
GF(2”)‘° Paar [5,6] has worked out a good deal of
composite field multiplier and its variations. Composite
field inversion is subsequently applicable. Guajardo and
Paar inversion scheme could be considered [7].

4. Implementation

The purpose of our implementation is to design a
tiny piece of hardware with the following features:

e Can be configured to work as an encrypter or
decrypter while incorporating ElGamal ECC
scheme.

e Encrypted data are kept on chip (smart card
application)

e RS-232 interface standard (Baud rate =9600)

The prototype design was implemented with
FPGA since the design time is fairly low and the good
degree of flexibility is allowed. We first focused on text
data, however, with memory expansion image data can
be also accommodated. The functional blocks are shown
below in Fig. 3.

6 MHz

Computer Display ~ FPGA EPF10K20

[ RS 232 UART 8 b
—_ ,I_.{\

| (,_V MODULE

Memory
Module

n__-"i c;;u,?r‘: " Cryptography
m_-EC:AMI AN Module

OUT_RAM e ——

L]
Fig. 3 Prototype design implemented with FPGA
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Control lines control 4 functions of the chip which
are: IN_RAM - Read data from the port and write to the
memory, OUT_RAM - Read stored data and write to the
port, ENCRY - Data in the memory are encrypted and
write back, and DECRY - Data in the memory are
decrypted and write back. These features may not quite
necessary in the real application but at the state of
verification they are quite important since the contents of
memory can be simply dumped.

We have employed FPGA EPFI0K20RC (Altera,
20,000 gates) in our design. The chip operates at 6.00
MHz clock frequency. Gate utilization can be detailed
as:

UART Medule 1600 gates
Control & Clock 2752 gates
Encrypter/Decrypter 5000 gates
Memory (256 Bytes) 2048 gates

Note that just about 60% of the available gates are
used. In fact in the final design, the capacity of the
memory has been increased to cover wider need of data
storing. However for such a FPGA, the maximum
number of gates that could be allowed for memory is
12288 gates (about 1500 bytes). In practical, on-chip
flash ROM (smart card) or external Flash ROM modules
(other applications) can be employed.

5. Result

The prototype designed function have been
confirmed by the experiment results of which to be
elaborated in the section. The perform of a bi-Serial
multiplier show as a block in Fig.4 is draw as show in

Fig.4 Basically. The multiplier has to perform M x’
and M, y" in the process of decryption. It also performs

m (x")" and m](y)'] in the process of decryption.
Timing diagram of the encryption and decryption is
shown in Fig 5 and 6 representatively that to be
encrypted texts and their encrypted version are shown in
Fig.7 and Fig.8. We also have input the 128 x 128 image
into the encrypter. The encrypted image is shown in
Fig.10

Fig. 4 A portion of 176 bit Bit-Serial multiplier Module
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Fig. 8 Timing Diagram of Decryptor on FPGA

The Computational cost of encryption is a barrier to wider appli
cation of a variety of data security protocols. Virtually all resear
ch on Elliptic Curve Cryptograpty(ECC) provides evidence to s
uggest that ECC can provide family of encryption

Fig. 8 Plaintext for encryption (m)

#10"D  ,e*Uai VO ACOAUQO+HEDOM hw-N-""Ab
Bi—Vpee0jU'GesuOU 0 0£0600010A 0 "O0RA. .. Ce€
i O»dz0 0 0%S0UBPIPRE— U _#- 5 & 00 (A zAOX 0.,
0°_éixDyEfocea V", P— slo-y9UUEA0U—q+{.ucF*AD
0'wY!Vux[D6Ua0x0e(0'80HR TY7-°{Da80 oFaAps- JKOT.
OpC=*A0

Fig. 7 Chiphertext form encryption

Fig. 8 Input for encryption (128 x 128)
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Fig. 9 Result encrypted Image(128 x 128)

In Fig. 8 and 9 was presented the Image encrytpion
grayscale size 128 x 128

6. Conclusions

[n this work we have proposed the data encrypter
and decrypter that have to work in a pair. Elliptic curve
cryptosystems with ElGamal public key system provides
good security while the key size can be kept small, 176
bits in our case. Several computations, including
inversion can be computed of line. This enables the
small hardware size. Careful selection of ¥/, y', (1/x') and
(1/y") can make the multiplier slightly more compact.
With  the proposed concept, on the fly
encryption/decryption could be possibly developed to
enhance data security during its transmission without the
requirement of extra computation or additional software.
Real time application is also promise provided that the
multiplication speed can be configured to match the data
speed. The concept of on-chip storage can be extended
for smart card application. The prototype design finished
in FPGA has demonstrated very well, the basic concept
as well as the future possibility.
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FLEX 10KA FLEX 10K

Embedded Programmable
Logic Device Family

£ 5000 oiData Sheet.

The industry’s first embedded programmable logic device (PLD)
family, providing System-on-a-Programmable-Chip (SOPC)
integration

- Embedded array for implementing megafunctions, such as
efficient memory and specialized logic functions

- Logic array for general logic functions

m High density
- 10,000 to 250,000 typical gates (see il ! and )

- Upto 40,960 RAM bits; 2,048 bits per embedded array hlock
(EAB), all of which can be used without reducing logic capacity

W System-level features

- MultiVolt™ 1/0 interface support

- 5.0-V tolerant input pins in FLEX® 10KA devices

- Low power consumption (typical specification less than 0.5 mA
in standby mode for most devices)

- FLEX 10K and FLEX 10KA devices support peripheral
component interconnect Special Interest Group (PCI SIG) PCI
Local Bus Specification, Revision 2.2

- FLEX 10KA devices include pull-up clamping diode, selectable
on a pin-by-pin basis for 3.3-V PCI compliance

- Select FLEX 10KA devices support 5.0-V PCI buses with eight or
fewer loads

- Built-in Joint Test Action Group (JTAG) boundary-scan test
(BST) circuitry compliant with IEEE Std. 1149.1-1990. available
without consuming any device logic

Features... L

Table 1. FLEX 10X Device Features
Feature EPF10K10 EPF10K20 EPF10K30 EPF10K40 | EPF10K50
EPr10K10A EPF10K30A EPF10K50V

Typical gates (logic and RAM) (1) 10,000 20,000 30,000 40,000 50,000
Maximum system gates 31,000 63,000 69,000 93,000 116,000
Logic elements (LEs) 576 1,152 1,728 2,304 2,880
Logic array blocks (LABs) 72 144 216 288 360
'Embedded array blocks (EABs) 3 6 6 8 10
Total RAM bits 6,144 12,288 12,288 16,384 20,480
Maximum user I/O pins 150 189 246 189 310

Altera Corporation
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Table 2. FLEX 10K Device Features

Feature EPF10K70 EPF10K100 EPF10K130V EPF10K250A
EPF10K100A

Typical gates (logic and 70,000 100,000 130,000 250,000
RAM) (7}
Maximum system gates 118,000 158,000 211,000 310,000
LEs 3,744 4,992 6,656 12,160
LABs 468 624 832 1,520
EABs 9 12 16 20
Total RAM bits 18,432 24,576 32,768 40,960
Maximum user 1/O pins 358 406 470 470

Note to tables:

(1) The embedded IEEE Std. 1149.1 JTAG circuitry adds up to 31,250 gates in addition to the listed typical or maximum
system gates.

...and More

Features

- Devices are fabricated on advanced processes and operate with
a 3.3-V or 5.0-V supply voltage (see [t

- In-circuit reconfigurability (ICR) via external configuration
device, intelligent controller, or JTAG port
- ClockLock™ and ClockBoost™ options for reduced clock
delay/skew and clock multiplication

- Built-in low-skew clock distribution trees

- 100% functional testing of all devices; test vectors or scan chains

are not required

Table 3. Supply Voltages for FLEX 10K & FLEX 10KA Devices

5.0-V Devices 3.3-V Devices
EPF10K10 EPF10K10A
EPF10K20 EPF10K30A
EPF10K30 EPF10K50V
EPF10K40 EPF10K100A
EPF10K50 EPF10K130V
EPF10K70 EPF10K250A
EPF10K100

Aitera Corporation
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Flexible interconnect

- FastTrack® Interconnect continuous routing structure for fast,
predictable interconnect delays

- Dedicated carry chain that implements arithmetic functions such
as fast adders, counters, and comparators (automatically used by
software tools and megafunctions)

- Dedicated cascade chain that implements high-speed,
high-fan-in logic functions (automatically used by software tools
and megafunctions)

- Tri-state emulation that implements internal tri-state buses

- Uptosix global clock signals and four global clear signals

Powerful I/0O pins

Individual tri-state output enable control for cach pin

Open-drain option on each I/0 pin

Programmable output slew-rate control to reduce switching

noise

- FLEX 10KA devices support hot-socketing

Peripheral register for fast setup and clock-to-output delay

Flexible package options

- Available in a variety of packages with 84 to 600 pins (see
Tables 1and )

- Pin-compatibility with other FLEX 10K devices in the same
package

- FineLine BGA™ packages maximize board space efficiency

Software design support and automatic place-and-route provided by

Altera development systems for Windows-based PCs and Sun

SPARCstation, HP 9000 Series 700/800 workstations

Additional design entry and simulation support provided by EDIF

200 and 3 0 0 netlist files, library of parameterized modules (LPM),

DesignWare components, Verilog HDL, VHDL, and other interfaces

to popular EDA tools from manufacturers such as Cadence,

Exemplar Logic, Mentor Graphics, OrCAD, Synopsys, Synplicity,

VeriBest, and Viewlogic

I
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Table 4. FLEX 10K Package Options & I/0 Pin Count ~ Note (1)

Device 84-Pin 100-Pin | 144-PinTQFP |  208-Pin 240-Pin

PLCC TQFP PQFP PQFP
RQFP RQFP

EPF10K10 59 102 134

EPF10K10A 66 102 134

EPF10K20 102 147 189

EPF10K30 147 189

EPF10K30A 102 147 189

EPF10K40 , 147 189

EPF10K50 189

EPF10K50V 189

EPF10K70 189

EPF10K100

EPF10K100A 189

EPF10K130V

EPF10K250A

Table 5. FLEX 10K Package Options & I/0 Pin Count (Continued) — Noie (1

Device 503-Pin | 599-Pin |  256-Pin | 356-Pin |  484-Pin 600-Pin | 403-Pin

PGA | PGA | FineLineBGA | BGA | FineLine BGA BGA PGA

EPF10K10

EPF10K10A 150 150 (2)

EPF10K20

EPF10K30 246

EPF10K30A 191 246 246

EPF10K40

EPF10K50 274 310

EPF10K50V 274

EPF10K70 358

EPF10K100 | 406

EPF10K100A - 274 369 406

EPF10K130V 470 470

EPF10K250A 470 470

Altera Corporation
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Notes to tables:

(1) FLEX I0K and FLEX 10KA device package types include plastic J-lead chip carrier (PLCC), thin quad flat pack
(TQFP), plastic quad flat pack (PQFP), power quad flat pack (RQFP), ball-grid array (BCA), pin-grid array (PGA),
and FineLine BCA™ packages.

(2)  This option is supported with a 256-pin FineLine BGA package. By using SameFrame pin migration, all FineLine
BGA packages are pin compatible. For example, a board can be designed to support both 256-pin and 484-pin
FineLine BCA packages. The Altera software automatically avoids conflicting pins when future migration is set.

General
Description

Altera's FLEX 10K devices are the industry’s first embedded PLDs. Basec
on reconfigurable CMOS SRAM elements, the Flexible Logic Element
MatriX (FLEX) architecture incorporates all features necessary to
implement common gate array megafunctions. With up to 250,000 gates,
the FLEX 10K family provides the density, speed, and features to integrate
entire systems, including multiple 32-bit buses, into a single device.

FLEX 10K devices are reconfigurable, which allows 100% testing prior to
shipment. As a result, the designer is not required to generate test vectors
for fault coverage purposes. Additionally, the designer does not need to

manage inventories of different ASIC designs; FLEX 10K devices can be

configured on the board for the specific functionality required.

lable b shows FLEX 10K performance for some common designs. All
performance values were obtained with Synopsys DesignWare or LPM
functions. No special design technique was required to implement the
applications; the designer simply inferred or instantiated a function in a
Verilog HDL, VHDL, Altera Hardware Description Language (AHDL), or
schematic design file.

Table 6. FLEX 10K & FLEX 10KA Performance

Application Resources Performance Units
Used
LEs | EABs -1 Speed -2 Speed -3 Speed -4 Speed
Grade Grade Grade Grade

16-bit loadable 16 0 204 166 125 95 MHz
counter (1)
16-bit accumulator (1)| 16 0 204 166 125 95 MHz
16-to-1 multiplexer (2)| 10 4.2 5.8 6.0 7.0 ns
256 x 8 RAM read 0 1 172 145 108 84 MHz
cycle speed (.3
256 x 8 RAM write 0 1 106 89 68 63 MHz
cycle speed (3!

Notes:

(1) The speed grade of this application is limited because of clock high and low specifications,
(2)  This application uses combinatorial inputs and outputs,
(3)  This application uses registered inputs and outputs.

Altera Corporation
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The FLEX 10K architecture is similar to that of embedded gate arrays, the
fastest-growing segment of the gate array market. As with standard gate
arrays, embedded gate arrays implement general logic in a conventional
“sea-of-gates” architecture. In addition, embedded gate arrays have
dedicated die areas for implementing large, specialized functions. By
embedding functions in silicon, embedded gate arrays provide reduced
die area and increased speed compared to standard gate arrays. However,
embedded megafunctions typically cannot be customized, limiting the
designer’s options. In contrast, FLEX 10K devices are programmable,
providing the designer with full control over embedded megafunctions
and general logic while facilitating iterative design changes during
debugging.

Each FLEX 10K device contains an embedded array and a logic array. The
embedded array is used to implement a variety of memory functions or
complex logic functions, such as digital signal processing (DSP),
microcontroller, wide-data-path manipulation, and data-transformation
functions. The logic array performs the same function as the sea-of-gates
in the gate array: it is used to implement general logic, such as counters,
adders, state machines, and multiplexers. The combination of embedded
and logic arrays provides the high performance and high density of
embedded gate arrays, enabling designers to implement an entire system
on a single device.

FLEX 10K devices are configured at system power-up with data stored in
an Altera serial configuration device or provided by a system controller.
Altera offers the EPC1, EPC2, EPC16, and EPC1441 configuration devices,
which configure FLEX 10K devices via a serial data stream. Configuration
data can also be downloaded from system RAM or from Altera's
BitBlaster™ serial download cable or ByteBlasterMV™ parallel port
download cable. After a FLEX 10K device has been configured, it can be
reconfigured in-circuit by resetting the device and loading new data.
Because reconfiguration requires less than 320 ms, real-time changes can
be made during system operation.

FLEX 10K devices contain an optimized interface that permits
microprocessors to configure FLEX 10K devices serially or in parallel, and
synchronously or asynchronously. The interface also enables
microprocessors to treat a FLEX 10K device as memory and configure the
device by writing to a virtual memory location, making it very easy for the
designer to reconfigure the device.

Altera Corporation
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Functional
Description

Altera Corporation

For more information, sce the following documents:

Configuration Devices for APEX & FLEX Devices Data Sheet

BitBlaster Serial Download Cable Data Sheet

ByteBlasterMV Parallel Port Download Cable Data Sheet

Application Note 116 (Configuring APEX 20K, FLEX 10K & FLEX 6000
Devices)

FLEX 10K devices are supported by Altera development systems; single,
integrated packages that offer schematic, text (including AHDL), and
waveform design entry, compilation and logic synthesis, full simulation
and worst-case timing analysis, and device configuration. The Altera
software provides EDIF 2 0 0 and 3 0 0, LPM, VHDL, Verilog HDL, and
other interfaces for additional design entry and simulation support from
other industry-standard PC- and UNIX workstation-based EDA tools.

The Altera software works easily with common gate array EDA tools for
synthesis and simulation. For example, the Altera software can generate
Verilog HDL files for simulation with tools such as Cadence Verilog-XL.
Additionally, the Altera software contains EDA libraries that use device-
specific features such as carry chains which are used for fast counter and
arithmetic functions. For instance, the Synopsys Design Compiler library
supplied with the Altera development systems include DesignWare
functions that are optimized for the FLEX 10K architecture.

The Altera development systems run on Windows-based PCs and Sun
SPARCstation, and HP 9000 Series 700/800 workstations.

See the MAX+PLUS II Programmable Logic Development System & Software
Data Sheet for more information.

Each FLEX 10K device contains an embedded array to implement
memory and specialized logic functions, and a logic array to implement
general logic.

The embedded array consists of a series of EABs. When implementing
memory functions, each EAB provides 2,048 bits, which can be used to
create RAM, ROM, dual-port RAM, or first-in first-out (FIFO) functions.
When implementing logic, each EAB can contribute 100 to 600 gates
towards complex logic functions, such as multipliers, microcontrollers,
state machines, and DSP functions. EABs can be used independently, or
multiple EABs can be combined to implement larger functions.
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