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2, How to correct errors in biological information processing

-A suggestion from state of the art error correcting codes-

RS

EI=i=NR
175

AL A RDOBROVERREICBWTHEREZ EMICEELTWDEICH 2L A XMERSH 5 X9
WCHZ D) LT, MINLLEDOZT—FTIEOHMANR S D EEZD T ENTE D, AHEH T, RN
RETIMMUICE Y =7 —FTIEO k% #in T 2 BB el A 2/ L, W CTEBOFELE RS LA
ObETEMENCHVEDI T =T EOMHHAARAIC O WVWTERT S, SRIBET 5D TIEN S
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2 38V ETIERF 5 Error correcting codes : ECCs
FPIEMENRET ICL Y =T —FTIEL
BFEICHR S v x ) OBBRERNT S, Fx
LT DO ERIZ2 >OT LT 7 Xy |
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AAXARNBTERLN, =7 —DHEGNRHALZ L
2725, —J7 R B/ (BEKAZ ) LT
—DEIEGNRWD N, BEOITA MR ENR-TL
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*high redundancy

Shannon’s Theorem (1948)

» Code rate R=K/N: redundancy measure

low redundancy
-low EC ability
-high comm. efficacy

small R large R
-high EC ability

-low comm. efficacy :J‘ l,:

+ For K,N —o, error free communication is theoretically

possible if

R< R.=1+4plogzp+ (1 —p)logz(1 —p)

— The optimal tradeoff between transmission efficacy and error
correction ability

+ Randomly constructed codes saturate this bound ; but

decoding is computationally infeasible
— No computationally tractable optimal codes

Fig.1

Low density generator matrix code
K
*+ An N x K sparse matrix N ‘ cl) (1)
— k 1s per row G=i 4 o J
— j 1s per columin : B,

— Nand K are large 2

* LDGM code (Sourlas (1989), MacKay (2000))
— Encoding:
y = Gz (mod 2)
— Noise corruption:
y =y +n (mod 2)
— Decoding:
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Link to physical systems 105

+ LDGM code can be regarded as a specific type
Ising spin model known in physics

HDHIARZESTRED T VT 4 V7R rate
(Re) kv b/hEnexizid, BHmmic=7—

7V —REENRETH D Z & Z2x Lz (Fig.1), + Ising spin (4-1) expression | Mapping to Ising spins
“hiE, A=A ERELTEHE (N, K Zooll =Bnediid o= T = {(—1)“’1‘ — 7y = +1
HoTIT< &) B R BIERENTL 5 — Noise cormuption ) =1~ J, = £1
L) ET, AT VEBROFRICE TV ARG g, ={ —jﬁ brob. 17

LitZewn, 72700, % /) VOBELIE/F X - Decoding:

JEBERIC I ATRE 72 S -1k, 18512 bit BT L minimize H(S|J') = — 01 7, Teg(u) Si
THEBEMICHART 23 a2 M 0Bt o Energy function
D THDLEEHTIERY (BE: UTLHA L Fig.3
#E).

3. Low density generator matrix (LDGM) %#F 5

ZDID, vx ) UBBENRENORE S 2R LI “ROWEE” 1350 TR Y v %
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ZOZ L BRI OW AL, A, BIRICZ L UBLRE R CTIEER Y ETIER =5 O E 2 5elitid “Buv
BT ICmEICR>TROLNLTWD, 2 TlE, TEMIZELT LLERLE/FE LT in
BAEVFRRERO LTI EWIBENG, b BFREITHIF S EAME ST 55 low density
generator matrix code # Y Eif %,

L0, 1 TRESND LEZ. N, KFHICREWLEWIEED T, BBEHICL D Kbit OfFH
Z Nbit DFF 5B BT 2 HEEZE XD (Fig2), TOOIZ, 1{TH VI 1 235 HEED k .,
15570121 2 H %D j BOMEENEZ S0 7- NXK 8{75(sparse matrix) Td 5 generator
matrix(G) % 7 v # Lo b, Fafbid, EVEWE#R x I, 20 G Z2E0LHT D Z & Tirbhld
(Fig2;Encoding ZM), 72721, LR, #EIX 2 215L LTITH, BSC IZ X 2 MO LI IIFF 5 5E
R A CTe o 1 R AR TR ST lmE 0 L LI /A AR M ERTHIETH D LB X
HZEMNTE D (noise corruption 28), H51E, ZITH 7By LT Gx 206, | y-Gx | 2
MET DR x ZBR LT Z & TiTbnd (UREZHES), 2O X THEREG B - BT 504
% Low density generator matrix (LDGM) 7§75 & M5, LDGM fF 513 K K0 & +0/hEWIRI T k
ErORESTDHLEY Y/ VIR LIERRVATIEICET 2B FL— N4 T %2 ERT 5 2 LB HLNIC
SNTVD,

Ut LDGM A J TSR D ST 5 At 700 Statistical mechanical perspective
Pl CRIET 2 2 L 252 5, RIERIZIE LDGM » Codeword JH» < Spin interaction
5 D5 % & 5 FiEk7: Ising spin model O [HEIC + Decoding ¢ Energy relaxation
<. EDRbE, AECH0LOHER Al n OO cte ot el
Z-1, H1ICESH]Z D, ZOHA, -1, +1 O Message  Encodng  Noise comupton Decoding
120, 1 D LSICIY 572 &, Encoding, Noise “pm,;on"g H;S|LT)) dt:(ﬂ;)dp mén{IjY(S|J‘)}
corruption /% Fig.3 D X D ICE &b 5, Z Z THE L - )
LD decoding Th D28, TN HELNTE N H L ’ & ¢
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Minimum state is robust against noise
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WEZTWS T FROEZB/MET D2 & TKRED, Possibility in bio-systems
ZoOZ &I, Fig.3 ® decoding DA THRDINDT | ex1) Associative memory: Hopfield (1982)
AATREERMET 5 2 S FRITRY L A00T R B e S
MHTHEOREST LD, ZO%E codeword I T s damage
spin interaction DR S Z KT b DIZ72 ¥ decoding N N © /\ / \_j /\ />< ° o N
1% ® spin interaction TR FE D L5 2 R /LF— a v) °_, I/ I o s / l Lm0 o -
B % @ energy relaxation & 9 Z LN TE 5 neur:ms | | |

(Fig.4), DF V. %0 =W IERIIMNES  (Ising \ [\ / W%
spin) DWW EFE X (). encoding L Z DA D I 4 R\.//T "T""h‘\';.,_".:' \*./ ‘
WOz IEERE & Lic ez p X — 2 ED 2 L 72
LEZ B LRTEB (HS/I(2), LinL = 0Ok, Fig.5
noise corruption (H(S/)NZ XV, =3/ X—E8%
DT FNE—F 2 KA A7) Hi%boTLE D, passibility I bl systems
L2 AN, 1 OO spin interaction ZAERLT D A « sex2)Cenhal dogma
(k) R DHFRE R E WIGEITHE SR T iR — . s —
2ATO L. A AOFEIZ K L IEREO T IT/N TS DA RVA et Qutaton, ot ey
SN ERREN, %I“Jkﬁéi/4’?< Izt cr A m m
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WHEHRERBLESTIUE A XIZxtLTr X dhmage
b foc WS /TREIC 72 B \ ./ . /N ' y
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1% HAs = /XTA%H%@M@JE@%@ﬁﬁ#%ﬂ
MALTWHAEEENR A T %, BFEDa L Ea—X

%mwékLMﬂd@ﬁ%mi@%f%g*ﬁT\%
DRV OEBSICET LHERERNERICRD, & ZAD,
TEEANT IR OB L Z OFH RN EE O BB A9 T
FAETCZRY, RER6, I 7tz x L ¥— Fig.6
WRIZI<LZENRTDET WENRELET) VAT A
ZHRIIE S TBFIEBFIC>SKESTLEI LD T
bD, BT AT AT D Lz “BRIERINT O FHE
OFE” Z EFR<SFIHL T D AHREMERH 5,

Ry 7T 4= RIZZOFREHED—D & L CHlAHF
PR S il (M) 0T Vv E2F 27 (Fig. 5).
oA, MRICITHEERZSH Y . BERICE > Tl
fEENTHWD (~y 7HD, ZORH T TRelE L7
DOFEHL T energy function DE X a2 HTCIXHH T L
Bkd, O —20REMEE LTt NIRRT
vMETOND, ZOHBEDA -V F NI
DO 3WITLHETH D, LN, EWiTEo 3K
Tt AR ZDOFEEW D OTIE/R< DNA, RNA (22—
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VELEHLSZ LWERIBEFEEZRHA LTS, 20
HEO—2F, 29 LTRBFIE/ A4 X (EaTER)
DELTHLZRNVNX =T FATA T IZRLTEDDL
RND TIEfE7E BRERFARRICR D6, Tidlewn
M (Fig6) W o Z ENHERIND, ZOLEHELE
HAOBIITELLTER LD LEBEXDL R TED,

4. ZZETOELED

T @ error correcting codes % #tat /1 FHIIZHED TH % & encoding (£ A » & — Y ZMHAAEHIZHE D
ATefEZ, decoding IZFEEIREDIRKEOIEE L L3 Z L3 K5, £ LT, 2D A7 Ald biological
IR AT BV THENI R > TWDADTIERWEAS 9D,

1k
VT LDGM 5% & bIZHERE S &, FlMEmE 5T 2B VTR T 5, kliF &0 LDGM 7
BTG EOEE., HETL LT CLATHEZ NN, BE L&D L0 b 5 — 2 ERITTH] (C2)
ZHET S, BARICIX C21C1 2 LDGM fF5281) 5 generator matrix & L CHWD (Fig.7), C2
THEH EHATIITH D DT C2VIETINE 72D, T D ZFRVT encoding, noise corruption (2B L
TIHINETLRKRTH D (Fig.8), T I TDRA » M decoding (ZH D, C21CL ITER~ MY v 7 &
ROT, EOEEDET

An advanced scheme (MN code)  Encoding/Decoding in MN code

* Encoding:
» MacKay and Neal (1995,1999) y = Gz (mod 2)
- Two sSparse matrices +« Noise corruption: . Common with
N " | LDGM codes
f—t Yy =y+n (mod 2)
Nlf10 - + Decoding: ‘
J Cs =1 C1> é l — Multiplication of ('
‘. : 2 = ('Qy’—(b(((';l(vl):l}-kn)
i — ‘ = (1.1:+C2n (mod 2)
. - Invertible | conds. |
— Dense K'xN generator matrix Under constrained eq. 1A+Y varlables

— Solution search utilizing a prior constraint

C C— 101 Dens Fig.7 2008ty min {|n|} Fig.8
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/A RFZENIEERLS 20T TH Y RIS . /A A7 bbn T 1o TO D RS O X
DIRWEFTH D, 2T, 85 TIE Fig. 8 DTS < REHFRAZ HIFISMEE LT miniinl}
LV KR MRIE IV, ZORBIZSH 5MOEL T ATY XAEFNSG D L THRMICML = LB T
XBDTH D,

R R ORI BETA L. Cl2F0F Statistical mechanical perspective
FED, NS E L, C21 T TR WA * YK, Murayama and Saad (2000)
. L ~ — Ground state is completely robust against noise
ED C2 0T CHRICELTHES L) Z &35 below a critical noise level
ﬁﬁf“g?)f)o L. %fié’]@z%i AL = DT — Deformation ofenergy.landscape by 'z cparse

+ Difference in se;nrch difficulty
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A public-key cryptosystem
* YK, Murayama and Saad (2000,2001)
- Public: (C51C1D,p(<pe))  D:K x K
- Private: (C'2, D) Invertible, dense
+ Encryption (for security)
y' = (C51C1D)x +n (mod 2)
* Decoding
= (72’_1/ = Ciu+ Con (mod 2)

z =D 1u (mod 2) .
Fig.10
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