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2. Constrained System & (&

SEH
[1] D. Lind and B. Marcus, “An Introduction to Symbolic Dynamics and Coding,” Cambridge University Press, 1995.

[2] B. H. Marcus, R. M. Roth, and P. H. Siegel, “An introduction to coding for constrained systems. ” Unpublished
Lecture Note available at https://ronny.cswp.cs.technion.ac.il /wp-content /uploads/sites/54 /2016 /05 /chapters1-9.pdf
GRABI%H 2022 4E 3 A 16 H)

Akiko MANADA (Nagaoka Univ. of Tech.) March 16, 2022



%M (1/3)

Language:
o TNT7 7Ny (AR VHALVES) S

o T’ﬁﬁu:w:wlwg...ngEZ (EZO)

o R w DEITRIN w' = wiw)y ... w), (' <L)
%ZD%%&% (1 S 1 S £*€/+ 1) &:jﬂ‘bf, 'w’ = W;Wi+1 - Wi4p'—1-

() 0113 10011 DEFDHRINTH 5.
ro011 X 01 &) EHWVI.

Akiko MANADA (Nagaoka Univ. of Tech.) 2022 4 IEICE 2 AT- March 16, 2022



% (2/3)

Graph Theory:
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Graph Theory:
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Constrained System & Presentation

Definition 1 (Constrained System S = S¢)

Constrained system S = Sg &%, 3 7NN EFHMAT 7 7 G DREIKIC
HoTINALEHRATWK ZETEREINLIRINDEESTHS. DL
%, G % S D presentation & FEX.

A\

Example 4 ((1,3)-Run Length Limited (RLL) constrained system)
e 10D 0DRUZ 1T E3LT) 22D 10 DEREFRK3) T 5.
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Constrained System & Z£%|[5& & DEHHE

Remark 1 (Constrained system D %% 1FFERT)
o Constrained system S = Sy 1%, ZIFERE F = {f1, f2,.. .} HOHK
e g WRIOES L LTHEZSNS [Chapter 3.1, [1]]
o RILFEES FERLSHIX, FHNORINZEERVRINOES Sr
i% Constrained system T& % [ffl : [3, 4]]

Example 5 ((1,3)-Run Length Limited (RLL) constrained system)

M 10ED0DEFTILESNT) o l0DERIEIHRK3 35
Hl# 722 DT,

F = {11,0000}
LA FURYIRkEEZ NS,

[1] D. Lind and B. Marcus, “An Introduction to Symbolic Dynamics and Coding,” Cambridge University Press, 1995.
[3] N.-C. de Bruijn, “A combinatorial problem,”  Koninklijke Nederlandse Akademie V. Wetenschappen, vol. 49, no.
7, pp. 758 764, 1946

[4] M. Crochemore, F. Mignosi, and A. Restivo, “Automata and forbidden words, ” Information Processing Lett., vol. 67,
no. 3, pp. 111-117, 1998.
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Shannon Cover

Remark 2 ((RZERY7% presentation DIFTE)

Constrained system {Z1%, 3 TRIEHIZR presentation DIFEIET 5.

Definition 2 (Shannon Cover)

Constrained system S DIREM 2 presentation D 5 5, THEEDIFR/ND D
D% S D Shannon cover & KA.
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Shannon cover 8 M

Constrained system S @ Shannon cover &,
o SERHITIRBIEHENLR LYy T—vare LTHWSLNS.

o EEDRINE S DRINF =LY 2FF 52 El T 2 BTV o R
% [Chapter 5, [1]].

o EEDRINZE S DRINCIFZLT 2 BEOEARFF SR C(S) 3,
C(S) =logAa

TROHND. ZTITAglE, S D Shannon cover DFFIEITH DR A
& HfE e 3% [Chapter 4, [1]].

Shannon cover Dfi#HT1Z constrained system DGR DL TH 5.

[1] D. Lind and B. Marcus, “An Introduction to Symbolic Dynamics and Coding,” Cambridge University Press, 1995.
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Constrained System IZBH 3 2 2N E T ER/GR

e Chrochemore & DFi% [4] T & AL TRIEN presentation A3 Shannon
cover IZ72 5 DIF ¥ D K 5 75 Constrained system 72> ? [5].

e Constrained System D3Ki#Y7% Presentation 25D 5&f: [6].
@ Shannon cover B —EIZKRZ2DIXED KSR —ZAH ? 7).
o v — XM (AIARAINZRIT 2B OKRDIT [8]

[4] M. Crochemore, F. Mignosi, and A. Restivo, “Automata and forbidden words, ” Information Processing Lett., vol. 67,
no. 3, pp. 111-117, 1998.

[5] A. Manada and N. Kashyap, “On the Shannon covers of certain irreducible constrained systems of finite type, ”
Proc. 2006 IEEE Int. Symp. Inform.Theory, 2006, pp. 1477-1481.

[6] Tetsuya Kobayashi, Akiko Manada, Takahiro Ota and Hiroyoshi Morita, “On the Irreducibility of Certain Shifts of
Finite Type, ” IEICE Trans. Fundamentals, Vol. E96-A, No. 12, pp. 2415-2421, Dec. 2013

[7] A. Manada, “On a Shannon cover of certain reducible shift of finite type, ” in Proc. 2012 International Symposium
on Information Theory and Its Applications, 2012, pp. 606-610.

[8] A. Manada and N. Kashyap, “On the Zeta Function of a Periodic-Finite-Type Shift, ” IEICE Trans. Fundamentals,
Vol. E96-A, No. 6, pp. 1024-1031, June 2013.
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DNA Z kL —I DA 2/3

DNA A\D 7 — X {R1F :
Q@ 77— X% 4MH (A, T, C G @D DNARINIEHT S
Q 102205 103 DE XD DNA Il L, HHEHRE DT 3.
Q MREFMICANTRE. ZOKE, FHU DNASHOa ¥ —H/ERT 5.

DNA D 6D 7 — XA L .
Q@ WY H L2 WIHROFMEFD DNA BHZHLD Hi 3.
O DNABHDORINZFHAIS .
Q AW RINIPOLTLDT — X %8BT 5.
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DNA X b L —I DG 3/3

Table: DNA X b L — 2 & D FEERGA e D el Sk [9] & D 51AD

| AbPL—YoREHE | HDD [ 759>aXEY ][ DNA |
FEAHEX ZP— R
”’J?;s' fer :it) F ~3,000 — 5,000 ~100 <100
ngﬁgﬁ%ﬁ > 10 > 10 > 100
== =3
i ~0.04 ~0.01 —0.04 | <1010
(watts per gigabyte)
7 X ~10'3 ~10'6 ~10"
(bits per cm?)

[9] Andy Extance, “How DNA could store all the world’s data,” Nature, vol. 537, no. 7618, pp. 22-25, 2016.
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DNA X F L — T O

DNA 8510513 2 EZ RN (BE L [10, 1))
o MEHIY MU MG EE L TEAk HETL T 5.
Ek=50D¥ %,
- O: AAAGGCAGAACGGCAT
- xX: AAAAAAATAAAGGCAT

0 GC-NTFTVAHIK . TerCcORB=A TOREE 35.
- O: AAAGGCAGAACGGCAT
- X: AAAAAAATAAAGGCAT

[10] S. Yazdi, H. Kiah, E. Garcia, J. Ma, H. Zhao,and O. Milenkovic, “ DNA-based Storage: Trends and Methods, ”
IEEE Trans. Molecular, Biological, Multi-Scale Commun., vol. 1, no. 3, pp. 230-248, 2015.

[11] Y. Erlich and D. Zielinski, “ DNA Fountain enables a robust and efficient storage architecture, ” Science, vol. 355,
no. 6328, pp. 950-954, 2017.
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GC-N 7 ¥ AN DWT 1/2

GC-NT ¥ Afillfy &7z TRL B FI DAL, Constrained system TIX7RW.

DED, GC-NT ¥ A 7 T RINZHNET S X 5 7% presentation 1%
FEAE L7200,

o Hifhy ! ZIEFEDE Z SR
(EAZRIND GC-N T & AR &7z 3 RINDERTINT LD 5 B) .
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GC-NT ¥ RN DWT 2/2

GC-NT ¥ AR D AE BT % 551213, (constrained system (WS &
) MEEEP Y HITRREATNS
(il : Knuth @ 75% [12])

L2L, GC-NT VAl e ol Z2HAaEbE 25810, —HifT
BwdrZzw (B2 EITFFEZHV 208 ERD (13, 14])

Theorem 1 ([Theorem V.3, 14])

NA FYZRINTBNT, HERKI &N Zil# 272 L Tw 3555
2ROBRARFBLRIZ, EHESWNZH LBV 2RO mAfFEtR e
ZL .,

[12] Donald E. Knuth, “Efficient Balanced Codes,” IEEE Trans. Inform. Theory, vol. IT-31, no. 1, pp. 51-53, 1986.

[13] Kees A. Schouhamer Immink and Jos H. Weber and Hendrik C. Ferreira, “Balanced Runlength Limited Codes Using
Knuth's Algorithm,” Proc. of 2007 IEEE International Symposium on Information Theory, pp. 1686-1690, 2021.

[14] A. Manada and H. Morita, “On the Capacities of Balanced Codes with Run-Length Constraints, ” Proc. of 2017
IEEE International Symposium on Information Theory, pp. 1391-1395, June 2017.
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ZRTCHIRRDEE L &

XD EERIRELZV = 20T (BX00) TOT — X {RIF.

UL, ZRITEANCBT 265 2E 22 22X, IFEICHEETDH
D, ﬁ&&?ﬁaﬁﬁﬁﬁﬁﬁﬂ%fﬁé FEBE, 52Nk k- itBILT

o BIERX—VEEEROIUTFEEIEFET 20 7?

o BIE K — VB EEIR VAN I EEIIEET 25 ?
W, TAEREIO 7 L2 ) X AT W] EREINTWS (swamp of
undecidability) [15].

[15] D. Lind, “Multi-Dimensional Symbolic Dynamics,” Proc. of Symposia in Applied Mathematics, pp. 61-80, 2004.
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i D ETIEFRT S & OHME: /

DNAXbe,MJE 5D
° SRR (B D) IEEM MBI ELT 5.

° @m¥®x2(ﬁx HIBREE D ) : DNA st b, Yih
ERIT 12 fthod DNA SHAEA X 5.

AR DT 2 i 72 2 EDI D % 23,

o HlFIFFEIX TRAD BRI DT K F 5 25 T100% D 25 Z 5 7%
W DU TIERW.

o HIFIFFSIFAR D BAT - ATIEREIZ 2 GRD Z IR & 2 lREME D
H5)
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PRDETIERTS & O 2/2

RO FTIERF S (HIBR - FARRD) & OBEI36A.

ITJILI}
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o TURMIREH
o T UETIH,

FIIETFS (f : [16])
FIIETFE & G- T > ZHilfy () @ [17)

/

Constrained system with unconstrained positions [18] (¥'®D > ¥ KL% A
NTHHIZM T RIN R D5 »oD7 Ta—F 7

Example 6 (00 %5 1E5E & 5 %358 O unconstrained positions)

no101g-. .- 10

[16] R. Takemoto and T. Nozaki, “Construction and Encoding Algorithm for Maximum Run-Length Limited Single
Insertion/Deletion Correcting Code,” IEICE Trans. Fundamentals of Electronics, Communications and Computer
Sciences, E105-A, no. 1, pp. 35-43, 2022.

[17] T. T. Nguyen, K. Cai, K. A. S. Immink, and H. M. Kiah, “Capacity-approaching constrained codes with error
correction for DNA-based data storage, ” |EEE Trans. Inform. Theory, vol. 67, no. 8, pp. 5602-5613, 2021.

[18] J. Campello de Souza et al., “Constrained systems with unconstrained positions, ” IEEE Trans. Inform. Theory,
vol. 48, no. 4, pp. 866-879, 2002.
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4. Conclusion
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