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Data Storage in DNA

High density data storage
• DNA: 109 GB/mm3

• Tape: 10−100GB/mm3

Robust Storage
Long term data storage
(DNA from mammoths)

Easily duplicatable (PCR)

Lenz, Siegel, Wachter-Zeh, Yaakobi, “Coding over Sets for DNA Storage” 2



Data Storage in DNA - History
• Richard Feynman: 1959, “There’s plenty of Room at the Bottom”
• Church et al.: 2012, 643 KB
• Goldman et al.: 2012, 739 KB
• Grass et al.: 2015, 81 KB using error correcting codes
• Yazdi et al.: 2015, random access, rewritable DNA storage system
• Bornholt et al.: 2016, 42 KB
• Blawat et al.: 2016, 22 MB
• Erlich & Zielinski: 2017, 2.11 MB
• Organick et al.: 2017, 200 MB
• Yazdi et al.: 2018, portable and error-free DNA data storage

Related Work
• Kiah et al.: 2016, Codes for DNA Sequence Profiles
• Heckel et al.: 2017, Fundamental limits of DNA storage systems
• Rastchian et al.: 2017, Clustering billions of reads for DNA storage
• Kovaĉević, Tan.: 2018, Codes in the space of multisets
• Sima et al.: 2018, On Coding over Sliced Information
• Song & Kai: 2018, Sequence-subset distance
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Data Storage in DNA - Storage System

User Binary Data
000001101011001
110100010010101
101000111110100

Storage Container

DNA strands
TGAACTACG
ATTGCTGAA
GGCATAGCT

DNA Synthesizer

DNA strands
ATTGCTGGTA
GGCATAGCT
CGCATAGGT
ATTGCTG
GGCATACCT

DNA Sequencer

EncodingDecoding

Strand length ≈ 100 . . .1000 Number of strands ≈ 1 000 000
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Channel Model

TGAACTACG
ATTGCTGAA
GGCATAGCT

S
ATTGCTGGTA
GACATAGCT
CGCATAGGT
GGCATACCT
ATTGCTG

Sequenced strands

 GACATAGCT
CGCATAGGT
GGCATACCT

{
ATTGCTGGTA
ATTGCTGA

}

Clustered sequences

GGCATAGCT
ATTGCTGGTA

R

I. Draw & Distort

II. Cluster

III. Reconstruct

Channel
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Channel Model - Errors

1. Ordering of sequences is lost
2. Errors inside sequences
− Errors during synthesis and sequencing
− Typical errors:

– Insertions: GCAT→ GCACT
– Deletions: GCAT→ GAT
– Substitutions: GCAT→ GCGT

3. Loss of sequences
− Some sequences/clusters are not identified

TGAACTACG
ATTGCTGAA
GGCATAGCT

S
ATTGCTGGTA
GACATAGCT
CGCATAGGT
GGCATACCT
ATTGCTG

Sequenced strands

 GGCATAGCT
CGCATAGGT
GGCATACCT

{
ATTGCTGGTA
ATTGCTGA

}

Clustered sequences

GGCATAGCT
ATTGCTGGTA

R

I. Draw & Distort

II. Cluster

III. Reconstruct

Channel
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Channel Model

Stored Data (M sequences, length L)

• Stored data (channel input): S = {x1,x2, . . . ,xM} ⊆ FL
q

Received Data (s sequences lost, t of them have errors, ε errors each)

S = {x1, . . . ,xM}

U

L

F F ′

⋃
RPartition

≥M−s−t

≤ s

≤ t Add ≤ ε

errors each

Remark
• Types of errors S, substitutions, I, insertions, D, deletions
• (s, t ,ε) depend on number of drawn sequences (not discussed here)
• Typically, s�M and t �M after reconstruction
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Contribution
• Gilbert-Varshamov lower bounds
− prove existence of codes

• Sphere packing upper bounds
− give lower bounds on redundancy required for error correction

• Constructions
− index-based concatenated constructions (s,M−s,ε)SID
− constant-weight construction (s, t ,•)
− code-subset construction (0,M,ε)S, (0,M,1)ID
− tensor-product code based constructions (0,1,1)ID

Focus: q = 2 (binary)
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Constructions - (s,M−s,ε)E: Concatenated Code

• MDS outer code
− length M
− minimum distance s+1
• Inner code
− length: L
− corrects ε errors (type E)
• (s,M−s,ε)E-correcting
• Redundancy:

M loge︸ ︷︷ ︸
Indexing

+s(L− logM− rI)︸ ︷︷ ︸
Outer code

+ MrI︸︷︷︸
Inner code

1x1 Information Check Inner

2x2 Information Check Inner

...

M−s Information Check Inner

M−s+1 Check outer Check Inner

...

MxM Check outer Check Inner

Index MDS Code

Inner Code

logM rI

L

Lenz, Siegel, Wachter-Zeh, Yaakobi, “Coding over Sets for DNA Storage” 9



Constructions - (s, t ,•) Constant-Weight Code
Equivalent Channel

• Set indicator: v(S) ∈ {0,1}2L

• [v(S)]i = 1, iff dec2bin(i) ∈ S
• wtH(v(S)) = M

Example: M = 3,L = 3,s = 1, t = 1

S = {
,1︷ ︸︸ ︷

(0 0 1),
,4︷ ︸︸ ︷

(1 0 0),
,5︷ ︸︸ ︷

(1 0 1)}

v(S) = (0
0

1
1

0
2

0
3

1
4

1
5

0
6

0
7
)

{
,6︷ ︸︸ ︷

(1 1 0),
,5︷ ︸︸ ︷

(1 0 1)} =R

(0
0

0
1

0
2

0
3

0
4

1
5

1
6

0
7
) = v(R)
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Constructions - (s, t ,•) Constant-Weight Code
• Loss , asymmetric error 1→ 0
• Errors , error in Johnson graph 1→ 0 & 0→ 1
• wtH(v(S)) = M

Construction
CL

M(s, t): M-constant weight code, length 2L, corrects s asymmetric errors and t
errors in the Johnson graph.

CCW = {S : v(S) ∈ CL
M(s, t)}

• CCW is (s, t ,•)L-correcting
• Idea: Use any τ = s+2t substitution correcting, M-constant-weight code

Example: Binary alternant code (BAC)
Choose M-constant-weight subset of one coset of binary alternant code (BAC)
=⇒ Redundancy RCW ≤ (s+2t)L
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Sphere Packing Bound - (s, t ,•)
• (s, t ,•), arbitrary number of errors per erroneous strand

Sphere Packing Bound - Fixed s and t

r(C)≥ sL+ t(L+logM)+O(1),

• L bits required per loss
• L+logM bits required per erroneous sequence

Sphere Packing Bound - Scaling s and t : (σM,τM,•)

r(C)≥ (σ + τ)M(L− logM +loge)+MHb(σ + τ)+o(M),

where Hb(p) =−p logp− (1−p) log(1−p).
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Sphere Packing Bound - (s, t ,ε)
Sphere Packing Bound - Deletions

r(C)≥ sL+ tε logL+O(1).

Sphere Packing Bound - Substitutions

r(C)≥ sL+ t(logM + ε logL)+O(1),

Comparison

• Error detection is trivial for deletions (length < L)
• Error detection for substitutions is more difficult
=⇒ Require additional redundancy of logM for detection
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Bounds - Results
Error correction Construction Sphere packing bound

(s, t ,•) M loge+(s+2t)(L−dlogMe)
(s+ t)L+ t logM

(s+2t)L
(σM,τM,•) (σ +2τ)M(L− logM) (σ + τ)M(L− logM)
(s, t ,ε)S (s+2t)L sL+ t logM + tε logL
(s, t ,ε)D (s+ t)L sL+ tε logL
(0,1,1)S 2L log(ML)
(0,1,1)ID logL logL
(0,M,ε)S Mε logL Mε logL
(0,M,1)ID M logL M logL
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Summary & Further work
Summary

• DNA storage channel model
− Loss of ordering information
− Loss of sequences
− Point errors in sequences

• Error correcting codes
− Index-based error correction
− Constant-weight error correction

Further work

• Codes for varying number of errors ε1,ε2, . . .
• Codes for multiple insertions or deletions

Thank you!
Lenz, Siegel, Wachter-Zeh, Yaakobi, “Coding over Sets for DNA Storage” 15


	Data Storage in DNA
	Channel Model
	Constructions
	Bounds
	Conclusion & Outlook

