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¥ Autoregressive

HRSE A Xp A TN A

Causal Masking2 &%t H

Language Modeling

£ Causal Masking Matrix Lookcback only
A T G C G T
@ Visible Past)

Masked (Future)

0 =X 4g AlggolH

Step-by-step

Step 1 Step 2

0606 O

NEXT TOKEN PROBABILITY P(XT | X<T)
A
C
G

Step 3 Step 4 Step 5

10%

75%

5%

10%

o 3y

w OEZE
KA 2 MY (Generative) 7 N\
Evo DNABERT-1
29| Zo| AlHA &% 7ts

Cross-Entropy Loss

0% Zzot MR £29| XO|E 7[31etH oz £

Ground Truth (p*)
o=
AX 22

One-hot Vector (G=100%)

L = -2y p*(y) log q6(y)

Model Prediction (g6)

205 =

Softmax Output
100.0% 85.0%
KL Divergence
¢ Difference =
\,
0.0% 0.0% 0.0% 3.0% 1.0% 1.0%
A C G T A C G T
° AH 2E (Target) @ 29 27 (Prediction) 9 Loss9| 9%t

£4 91K | o HE 7| = st LCt ZEe 2E A7\ Cfef &E2S STt 0% 2EE UH 2x2 'Yojde' ¥

(0: G=1.0, Lt X = 0.0) (0: G=095, A=0.03..) =S 44 (Entropy)S 2224t T
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® MLM - Autoregressive ® Sup
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v TR AEetE v A[EAH4EY v g
v 2t gl= GO v 48y ng v E% IHH 2 Hst
r N r
[ igs e 3 (RS
+ yuy 2u g + TUARS 4y + geEAI s
+ HgEH Y + 99 20| 42 + NN 2E
; \ 7
Al @ oA @ oA
DTI, Nucleotide Transformer Evo, Mamba DeepSEA, GBT

@ H'd HZ: Token >Embedding > Context > Loss

Token Embedding Context Loss
.— s —( [ )— om —>®— SEHY ——p
~ P 4
Input Unit Representatidns - Scope & Relation . <Ontimization Goal

- -

T sa njc (Backprop) ™ =

ALI2|2 1: #0] 0| F (Variant Prediction) AILIZI2 2 48 T (General Representation)
_!} Single-base Token Dense Embedding Local Context

&

BPE Token Large Embedding Global Context MLM Loss
Classification
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Embedding o413} MLM Loss

512-Dimensional

Embeddmg 6HA—-I|9| %%FXE'! Vector Space

Dim 512
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£ NY0| BN 20t 2R S BY A 92 T50] 22 HESS A2 BHUT 0f: ofd] Splice W2 7150 2 2252 2| HO|H0F LI Promoter

2E A2ls T 9IH| HOIZ, ZND M EE TiEe] ¥
9 Ur g FHL,

= 50

28 2 FdYL

acceptor siteLt Start codon(ATG, GTG)E2 M2 7M1te 22|
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X (clustering) 9
o[n|

@ Promoter Regions
@ Enhancer Elements
@ Coding Regions

Enhancer
Elements

Embedding Dimension 2

Coding
Regions

Promoter
Regions

Embedding Dimension *

Similar sequences cluster together in embedding space

€ Embedding 57t9] 1&%t
EmbeddingS 2DLt 3DE A|ZfotstH, @ 0| ShESt O
O|E{7} RA19| 2 H5HA| G0 S IS HYot=
A2 & = YUELICL Promoter, Enhancer § 7| 5% 02
AR MES0| M2 770 0] ApHAZ R 74 (
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e 7| =H
ENEE %
B2 s gg Y
O[3t 2T 2 ZH0| Al 24 0| = DNA ME Aol M 225
6% SYD AU AA2 TS S YT Ho| Aorgu
o 727t 2 280 A40 BTt

\

0

H|X|= 3H& (Unsupervised Learning)

"0| 242 PromoterCH'2t 712 XX| YOtE, MLM LossE
Hapote HHOM 282 MEo HAg Sof 222 HF
£ FEYUL

83 MYS2 Embedding 3
|E AE— 7|‘—X‘| OA}A“O

Loss/t Tt &
HE A
O 1

MLM loss?t embedding 57|
Ct

MLM2 "Z 0| B0} E 2 |50
EtLiz E252 M2 B0 L loss7} 3

o5 HALUS

0E S0, "CAG|G.."2 "CAGA.." & Tt 7t5 3 splice site2t® GO A2 diE £I%|

embedding0| 0= HE 7M1t 9I0F lossE RE + UELICH Loss 223t T 0 A
embedding 3

20| Mg E U

How MLM Loss Shapes Embedding Structure

(" Masked DNA Sequence |

" MUMLoss Optmizaion

L = —log P(masked)

i

A R

Minimize § Loss

X —

Leamed
Backprop i

Loss minimization drives the model to organize sequences
by functional similarity in embedding space

2 053 ofef 2R3 727t AHEQ2 YYFLICE O] A2 2 embedding
2 ZUY RARES HEots S20| LT
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Variant effect prediction through embedding distance
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Functional
Annotation

Clustering and functional annotation workflow
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40) €8 (Application)

—— e
Variant Effect Downgream
ol &% o 3 248428
Attribution Annotation
58 §/% met s F4 7|

Aol 2|7
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1. Objective (MLM Loss)

2O 2010t T 35K A

QFME: WY RHA 2% (Long-range)s EHAM
HE B7|(Single-base)S H2td| LEAIR"

Loss7} 125 . _
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o
—

7|7} OFELICH 442 &7](Mb) Eéoﬁ #s
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||-2!E||::|I:L OHOI: |- Smgle base) |-_|OI_ |_|2|- = Global Attention Linear State Hierarchy
: Cost: High O(n?) Cost: Low (O(n)) Cost: Medium
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? Key Insight I 3. Performance
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Variant Effect 1M+ Context

- 30 -



1. MLM Loss2| 89| (The Demand)
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27 40t &7] Bof A Enhancer®t Promoter®| E7 S THOefoFBH BT 9| |
MASKIE %% = U3
CiA| BE=71
L s g, 2 T=H g (The Evolution)
o LossE 2|45t 7| 9fet TAX M
x ; L =035IX 7He ol
i‘aﬁréhlteg%e); 8 |-01|° "'I-*‘o‘ll-_ EI_:I'LE et &&: Long-range 2US £ B Loss7t ZX %S — Attention (0(n2)2] B
|Ch 220| HHZ FAS %EEII: 2 22 — S5M/Mamba (O(m)2 2 37 &
Objective Function (Loss) 0| ALt
o« 3 A 37t S (The Result)
84 5 B (Representation)]| 7|5}
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Input Masking Predict Loss Update
Q i c
1. Masking Strategy 2. Loss Calculation Model Update
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Scenario A: Short Context Window (512bp)

Window: 512bp
Enhancer (Invisible) ta
Scenario B: Long Context Window (50kbp) Prediction
Success
indow: 50kbp
Distance: ~Window: 50kop
@ Short Context (Failure) € Long Context (Success) W The Distance Gap
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Long-range Context
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~50kb Distance

Enhancer

g742l =28

(Long-range Regulation) 0d  Chromatin Loop (3D T%)

Enhancere S AZ 28 4 kboIM & Mb Hoj 7l

DNA AFE 0| 3%+8 BZHOIM H5i( Loopmg % |5 A

Target Gene

4 A28t (Activation)

Enhancer0f Z%3t HAt QIXHS0] Promoter®t HZ& ot

@ Short Context Window

72?7 (Unknown Interaction)

Tea Context Window

r

S0 SR, 2l0] S0l SHRte] A8K o o o e Al ARG A ERRCE ST FU AR R
HESETE g2 e
| I = | —
Short context 2&0| X|= #
AL 24 TiEl(Local Pattern)Bt 210 FH| 28 B2 4

® Key Regulatory Element

> 50 kb Distance 512bp-1kb

Q 34 IHE B (Local Bias) W A 2 e 2

20| T8 8 ppl &5 610 Motif(EH0f)E A GHX| 50kb 0|4 BO{ 2l EnhancerLt Silencer?| A%
0 TN 2Y(R%)2 ol stAl RELCH Xof, fEA HA 24 MEfE ER ‘ﬂ‘:._fc’

® Missing Link

® Unseen Region

A 0|5 20 A
25 ur TATA bow’t 101 % SO|% B2 4 MEj9 398 7
et 81R| 281 9184 Fake Positive) 00 S ELITH
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o Mb TH{7HX| 223 Of of=7}

SHXt

SHLIZE 4 kbOf 0|2 &

@ Local (Exon/Motif)
@ Gene Unit
@ Regulatory Domain

TAD / Genome
Uttra-Long Range 18

@® TAD / Chromatin

1kb 10 kb 100 kb 1Mb
Sequence Length (Log Scale)
E  1kb - 10kb: 7|2 £+ S 100k ZH ABEE & 1M 7EH =09l (TAD)
HEHOI NLP 2| Context Window $F Enhancer® Promoter7} BiLt= A 7|55 #9, BMH 7L WA M FY e 3R PR E A
o SFAILE 24K Motif IE (TH0))2H Tt 75 0] ¥9IZ HX| 261 SHAY YH 022 45 4 HA RO A= o 28 3t %3 (nsulation) T4 0] 2
&Lt gl AA gL

Long-range context?| i 2|

Cha 20| 20| Of, Y B9} "H o SA| 27t HA

Computational Complexity and Genomic Modelling

@ Current Transformers

® Low-Res Long Range

) A O(nz) compu‘te Wall @ Ideal Target

-:9 LT e \ ® Compute Barrier
H |

! Short Single-base ' Long Single-base !

3 (Standard Transformers) [*. : (Ideal DNAModel)
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: | E

S ] M 1
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2 Simple k-mer Long k-mer / Pooling

E (Low Fidelity) (Coarse Context)

]

£
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1k Tokens
10k Tokens:
100k Tokens

1M Tokens:

kb 10kb 100kb 1Mb

£ 1000t o EE o) dAtd2

Single-base sfet 2 TMbE 2|5tz & 1002+ 42| BF Attention2 E2 0| HE0f Hl2sto] HA20]
E20] YYELICH ol gt olof RO 1 Hiof SIFRLICL 1002 E29 RIE 2 12(102) WO ¥
2ote ZojYLch A8 Atk oo ot

@ Manageable

© High Cost @ Impossible Zone

® soolof 228 o

1002t 1002+ 37/ 9| Attention MatrixS HMEo2{ B
89| GPU D2 2|7 ER3t0f, #Z st StE Yol 2:
Xz 7t 87t L

o 4 E(Resolution)2| THAE H|id

HAL S A & U (Precision) 2t A A H|-€(Cost)| E2f0|EQZ LIt

e
oF

ingle-base

Obp Block

um Resolution

Detals blurred

SNP Lost

Structure Domain (TA@

tb Domain
ow Resolution

*
High Precision Hlnuﬂﬂanu -

@ Adenine (A)

@ Thymine (1)
® Guanine (G)

@ Cytosine (C)

*  SNP (Mutation)

Low Cost §

B Single-base (1bp) 5 Region Level (10bp)

o

mjo

22t

+

, |10 H&. T siLtol @] HO[SNP)E
F 1Mb Hz2| Al 1000 E2 0| B3t o

28 Y (Trade-off). 013 F7|5 7O X2 288 %0
A% 7HE &7 22 DA% SRR B2 E o4 E
Lt

2 ik bt
S oF ki

o
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i

o

e HI o

& Domain Level (1kb)

- 42 -




HierarchyZ} 2% 0| &

Helof W2t S Q% GOl Eh7H Z2FELITH (Scale-dependent Features)
Short-range: Splice Site (Single-base Precision)
(1)c) e @) o ) )(a)
.

Different Scale = Different Logic
Splice Receptor Site (RS) Mutation Fatal

Long-range: TAD Boundary (Region Summary)

TAD Domain TAD Domain

4 Short-range Precision @ Long-range Context £ Hierarchy Solution
Splice site(AG)2t 22 =4 X 7|52 Tt 6Lt B7| A TADS 22 Al FZ & U2 ML ZA S EX of FaTAEE 25 UEST| s, U-Netlt 22 AF
07k XX L, S|ng|e base 8j4 =7t DM L|Ch, £7h FQELCE XYH 2% (Pooling)0 2E X LCt MU YU FUS A0 ZAFLC

ve————

o A5 (Hierarchy)0| 2R3t7}?

Hierarchy T+Z =0
hy TE % 329 74 o
P Information Abstraction Flow
Q dlok Zot High Level '
BE @75 SUHH H2YoB ANZ0| SL LTt 302 7Y Top Region Leve
aoy|z L 7o gyl A
A7|E 12 BE U2 750 RS TAD Boundary
10kb~ 19l GM A 22 Hot
- o SHx ¥ Yol 2Nz
Region Level A2 ==
Functional Units (10-50kb)
& 2997y ,
Middle: Motif Level
22 A E7| 2 QIR of wat ofn| 7k ChE LCE FH & .
% Context0l ¥7/91 7152 HelgLIC Motif Level TATA Box
Local Patterns (10-100bp) 10~100bp EH3l. A JHA] %I €
NYots dH HEH ME
o e
ELEE
Base Level Bottom: Base Level
F2 8 Y& (Functional)= 57|12 8 ME (Redundant)2 2 Single Nucleotide (1bp) SNP (rs123456)
oo 28 288 %‘EHQF’”-IE} 1bp E491. EF diLtel @7) ko[t A

s
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Context Window?| 2|2} 2|

DO 3 HO| 7|95t 0 KH2[& 4 s Aloke] H 9 (Scope of Attention)

Qut of Context (Invisible) @ Active Context Window @ Processed Input Movement (Stride)

0 5 10 15 0 % k] 35
- 1 1 1 1 1 1
Step 1. Processing ﬁock 1

T € CACITCG GG A GI66/C 6 6 CCTTCACAACAGARAICCTCCIT T

Slrideh[!;l'm-(e‘n;) ------- %
Step 2! Processing Block2 "~

T|/6 CACTC GG 6 A G 6 6 C G666 CCTIT CACAACAGAAGCT CCIT T

Step 3: Processing Block 3 y

T/6 CACTCG|6G 6 A G 6 6C GJ6CCTTCACAATCLCA|GAAGCTCCTT

Window
@ 29| Ao (Vision) e s YAUS 5 Window Size| 22Tt
Context Windowe 2ZH0| SA[0f ‘21" ¢ A REME0Y @7)MY 2 HOolEHE BER HYE AE 27t ROT(512op) BHe2| W22 FH L,
g 4 Sls 0 EAAU 2 R, L2 2001(1b) A4 B2 2l/AIZH)0] 2T
Bz 9 ol B Y , ol ZA B B 243 27| 9t AZ LB AHA g+ Us Be AT
(Overlap) 0| & &L|Ct.
e
%2 Context?| g4
g = - -
TOP SECTION Disconnected %
Short Context (512bp): Fragmented View
Window (512bp)
Enhancer Promoter Exon

BOTTOM SECTION

Long Context (S0Kb+): Holistic View __ | e

H Long-Range Regulation :

1

1 |

! Enhancer-Promoter ndow (50kb) 8. :

' Interaction P, !

1 |

: Enhancer Promoter Exon i

: r l-&b T T I.m T T l.m 1 :

L o 10k 20k 30k w0k 500 |
X ® 4
Partial Gene View Missing Regulation Structural Blindness
512bp= RUA otLtol 20| B0t B UL Z2EHY £ Enhancer7 50kb EOI M U2 1, 015 FERILL SAI0f FUU~H Q7] 329 TADRAY S 7)€ T If
2 Downstream BronZfe| U243 E4f THH2E et x| BT 29 ZRO| 8y o1 2 e 4 gl o8 4 80, 3K SHH HSHES £X A BT
s L ot L

N —— —
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ContextS Qwa =

AEA 2Ot ZOjESE

Standard Attention O(n?)
100k length = 10 billion ops

A Impractical Zone (>32k on standard GPU)

Compute Wall @

|deal Linear O(n)

Scalable to millions

—

512bp akb

32kb

100kb 1Mb

Sequence Length (Tokens / bp)

m =2 ZE (Memory Explosion)

Attention Matrix 37| & 209 HZN)2E #

StERof 221 oA

e, F| 41 H100 GPUZAHE Quadratic Attention2| &
_ o A2 AY| OfF UL O the A °*JEiI
100k E2 H2| Al 4068+ K2 2|7t Zsto] U HH RTH|(38) &5 2 7|E Attention TEZE 0|C 7t OfHl 2 EE BAS Q_:I.lo}L||:L
8t GPUOIN OOM 4. =7ts0 L EU
Contextt 2 & HA2
=2 = —_
Context windowe Eha SO T2t OE{ 7} OFH, OF7|EIX| MEAS Zet= A K UALICH
[gh O(N?)
1
1
1
1
1
1
1
1
1
1
|
. |
N logN) Sequential Bottleneck !
|
1
RNN Constraints Transformer Region |
High Quality, High Cost (O(n?) :
|
1
ow O — S5M / Linear Region ﬁ The "Quadratic Barrier" (~100kb)
S — %k 128 Uttra-Long Range 0() M 10M

Context Length (Log Scale) —

& Transformer

Context: Limited (~128Kk)

Complexity: Quadratic O(N?

A st 7E!Ol7+ SO LI 229} A A o] Ztst
0f DNA TH|(38) H2|7t £7}t5

5 RNN/ LSTM € SSM / Mamba

Context: Short (~1k) Context: Ultra-Long (~1M+)

Complexity: Linear O(N) Complexity: Linear O(N)

A BHA: eAHY Mzl 2 HEL o n, B2 BRIt a2 Transformer-’F-’E 9 52 FAHA MY

SN g Y 2H HY 2xc2 My 9K Hal 2ts
D
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O e =
2|X| M & (Positional Info)Q| 584
22 M2 I E(Motif) 0|2t HIX|0 W2t 7|5H o|0|7}h &76] F2pE LY,
TS +1}
TATA
Funl:tlonal
Correct Position_‘_—s’.g h
Case 2. Wrong-Contex -
Non-functional
755 41) Inside Coding Regjon
Case 3. Wron

TATA

° Case 1: Promoter Region

Man-funstianal

° Case 2: Exon Region

@ TATA Box Motify @ Functional ~ @® Non-functional

® Case 3: Intron Region

Q

2. Score & Softmax

2E Q2 KO L4H (Dot Product)e S8 SALE H4:
A, Softmax &4+ 2 E& (Attention Weight) 2
gyt

2
=2
Hat

2X]: -30bp (Upstream) TATA box7t A A|ZEH(TSS) 2A: Inside Exon (Coding) S E 2Y &Y Lo &Y QAX]: Inside Intron H|Z & Y0l IEE Ljof Z7f5}H,
ool Hetot K| 0f A2 Mt RNA PolymeraseE R 3t MY (TATAAA)O| LIEFLIT, O] £ Az 7t Ot Of Splicing 2O HA &ALt 2A|ELICE oic|of 9l
5t0f RULE %’gﬁﬁ* Ltk O Ah(Tyr-Lys..) ME2 HAE 2L Mt 75 S AE YU
Attention H|FALIF 7| = A[Zf%t
[mm] _I
BE YAPHTHE RE ARIeH HY 2E8H0{(Al-to-Al) B H2tg ThoetLc,
post RS mPutGente) ooy
High (L0)
Pos 1 0.10 0.20 0.10

s

2

£

é’ns 2 0.10 0.70 0.10 0.10 u

4 q

5 :

L o

Pos3 005 0.05 0.20 (NI strong Attention i

g (Pos 3 attends to Pos 4)

o

Pos 4 0.10 0.10

Low (0.0)

a8

3. Weighted Sum (Output)

AutE S5 IFANZ2 A83H0] Value(v)E BE 7

o EEJ YR(52 AT ME"’*OE EO}
Outputg S LTt
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i 0] X'I -(I)- Complexity O(n?)
Atte ntlo n N I_l- W I'_|- 7:” @ Manageable (Standard)

02X SHL Oo(n?Y) 0] AA| SLEYO0N Pt S2[N B @ Warning Zone
@ Ciitical Barrier

17(10")
@ Impossible Zone

10B (10')
rdware Limit (~30kb)

100M (107)

Computational Cost (Operations)

1M (109)

1kb 10kb 100kb Mb
Input Sequence Length (bp)

= b4

GPU O 22| Z ofE ATt HIRE Y I 4H EfR: Short Context

E

Wz 2| AL 20| Zolo| HE2E Z7HetL|Th 100kb Al TMb (&2 &17]) X2| Al Attention HABE 1% H(101) & 023t Bt 2 Ol CjE 0| £7| DNA B2
A2 M2 Al 4 6B H22| Zasio] Yut GPUYAE A G AR S0 AH U AIZH0] AQE/0 2E 7Y 512~4,096bp2 222 16&!& Lch Zytxo 2 Ygdt
00M(Out of Memory) £, 20| 27hs T Moz Fadh ¥ 428 XA ot

INPUT Sequence U-Net Architecture OUTPUT Prediction

>0 HEI-X-| § 7:"%&" X‘I E| Encoder
YHE HANCR AP L
Local - Global dj4 =& HOtX|

A =H 9 RO 22 @0 Receptive Field)2

o gLt

Skip Connection

o) SHE

Attention2| A A $HA

Center

' .
Mb(H3h G7|2 K2[oH 1 X »x Bottleneck Attention

]
Z Ho| Qo] Qi #F
5 A
e 243 952 HE1OY Globl
golEg kst s Attentiong +8$L|C 1/1000
EERT ECES EREH
Tofg
Global Attn
® 100% H)(kDI-E x| §7|. Bottleneck
RE AXNS HSFE 2| 2
J-HMEE ox| |'D:| 17_| 'E'D—h{% 2 x k" %l'élj' —3‘% Decoder
£ %e vlmemgLl

Skip Connectiong Soff &4 & 2|
X YHE 2750 Single-base o}
4R 28t
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U-Net 129 34 &

AEH LE(Encoden) 2t 22 (Decoden)2 2

INPUT Sequence OUTPUT Prediction

e
S [=
g 3
v o
Id 3
£ g
= Z
) ®
g 5
£ g
& g
n [=4
c Q
H S
z £}
[a]
b 1
H 5 X
1. Encoder (Compression) 2. Bottleneck (Integration) 3. Decoder (Restoration)
HAXOZ U= (Pooling)sto] sf& =& ZEYLICH 7HE U5 E SEfOfN B 2| 2% (Long-range Context) A% & HE S Skip Connection1t 2% 50 2 sj4
2 B9 (Receptive Field)2 225l0f M HOl Tj 2 SYFLICE 1Ml ALY @W} +H 7io HEl 2 2 SYAFLICL 2 E S X BEE =4 Single-
S 2Ll a8Xo 2 Mz|gL/ch base LS |AIL L
s p—

07|

st& S H: Transformer, U-Net, SSM(Mamba, Hyena) & Ctdt OF7|El X0
A 917|0} RITHES B M8}, EfAT0| B ME 7[Z 2 o[s) 3L C
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o2 ZX|ot 2RO TEole A2= CHELCH (Same Goal, Different Paths)
& Attention-based (Transformer)
T ™™ T T TS D) Recurrent RNNASTM) e e
f
DNA Sequence

_—————
s S

Prediction

- State Space (SSM/Mamba)

Transformer
Attention Is All You Need

RNN / LSTM

Sequential Processing

Quadratic O(n?) 23 Linear O(n)
ELER PiE:| REH FE 23 20|
M H g B %H BRI s

VTN R —

SSM / Mamba

Selective State Space
25 Linear O(n)
. EERLRL o

12
oz

6 22§, 78 Ho|E

Transformer Architecture

Multi-layer Encoder-Decoder %

'ﬂulti-Head .lttrI

'ﬂulti-Hlead .lttrI

hulti-Hlead .lttrI

Input N Embedding | Encoder Layer | Encoder Layer | Encoder Layer N Qutput
DA Sequence Vector Space 1 1 k) Prediction

i i i

Feed Forward | | Feed Forward | | Feed Forward
M attention Mechanism M Feed-Forward Network === Internal Connection
As® Ax Self-Attention 4 om) B
| & 2 M d Z h
e e L s 95 £3 7 45H-S N0 A Quer-Key £ £2 Mg A2 92 Loy M2l Ao

Attenionf FFNS SR 0IM, I B2 42 9= 7} Value WA UZ 02 23 ¥5 8 A¥HoZ BA HZO2 5712 NHAGH Ha 2zt Al 24
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Input Tokens

o Query-Key-Value gt

2 EZ(M)2 Query, Key, Value M| 7HX| HE 2 HizteiL|
u Fakil

£ HE Keys QEA Values MK HEHE

1 ek

Self-Attention

Hioz OE EZ 7HAAZS A4

1. Linear %

7L

Q-K-v

2. Attention Score

@ Score A4 % Hst

Query®t Key®l i (Dot Product) 22 H2HS AMsta,
Softmax &5 S6f 2&7H0~1)22 Hateiof ojc|o T

S
SEA Z¥UC

X
O

Softmax
Probability

Output

4.7t58 &4

e %% Context &=

HLE Attention 7H5 XIE Value HE 0 S}
02N 2% YE7 HEE N2 R E2 BY
(Representation)0| 24 & L|C}.

Splice Site ZA| 35

Exon

AttentionO| Exon-Intron ZH 0 E&

Enhancer-Promoter H7{2| 432

Enhancer

AttentionO| 50kb HOj T £H Q4 7t 9Z o
e Splice site &
Exon-Intron ZA| 214, 5

Attention®| A SatH

o|0|

Attention0] DNAQ| 7|5 X &

Intron

50kb

Exon

Promoter

B2 5% 8409 7|5H 505 T

Enhancer 214

D As RO B 7t

g
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A 3t

Attention2

7 A EXE I OIES SAIY

oz

=3}
=]

Practical Limit (~30Kbp)

M(109

A

100M (10¢)

- Transformer

A
108 (10'9)

GPU | 22| 24

A
1m(107)

0(n?) Complexity

@ 1K-10K bp (Manageable)
@ 10K-30K bp (Waming)
® 30K-100K bp (Critical)
@ 1M+ bp (Impossible)

100K
DNA Sequence Length (bp)

i 14
AR

SIA® L Short Context

0O == 10

Attention2 O(n?)& S7}5tA| B SSME O(n) 4%

EMEE §X|. 1Mbp M2l Al 1Z 41000+%L9;

(= FEREE

Attention2 ZE ¢
State YH|0|E

(52 B4 v bl 34 2.

X & % [Off |2, SSME At H

= — = O
Attention A4t Al 22| AHE &0 Z0|o| HEoR & 0|23t 3tA| 2 Olef T2 29| DNA ZE2 512-4Kbp2
- " TMbp(HBt G7) M2| Al 1X B(1012) HA Y T . =
7 100p 52 A +4 6 22 29, 98 ruze s Azt Aa, A Bt 8. 202 A2 2 s000S SN Y
SSM o| I=PN; |:|H 74
— O O (@]
Attention?] A4t H| 82 22X 2[Isle MER 2
Attention SSM
Allto-All 1 State {HJ0/E
3 All-to-All Sequential &4 Statz 2E00
.mectior. ate
o o -
—_—
L Bioie _ )
Paradigm Shift .
o 0 5
—_—
o o
—_—
o o .
—_—
o(n?) ofn)

@ Hoj 0|2 7]2

SSM2 HOf 0|21t 4= H2|0f M
AAES 0)A A|ZHOR HgHtt=
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6}
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SSMO)
HE M| g4

SSME HEE FHHQ A7t SE Time-flow) ;

004 HEBY L 52 H2E Stte Vector st @ R m ' )

gYot0 BESHA, 0| = S BHLIC —

1 I

Eol

—
Base @ g m * > y(1)

I

[

[0

[

Repeat | Alu

0 52 Uz (Signal)
O Ubt/0|= (Base/Noise)

O State Vector 2

— K] ZEEt
4 2%H M2 (Sequential) 32 BT (Cuve)

» MEf 2= (State Compression)

& State HAHLIF ® Hyagy Y g2 4

70 RE 2 S SfLto] DYE 27| HE h)of & 22 20[0] HiZ3te On) SHEE U AIFLE 28 228 U2 (Enhancens B, B A (A2 ot
ot M gL Ho 2 Xe|$Lch A 7193 g

SSMI} DNAS| =& MERH 7|2 (Selective Me
Ssme| s 4
SSM State Vector?] X HHI0IE o sip @ 510

90% Ol 2l B7| 58
ﬁLl':f

A C AuAu .. EnhSig T G LNLN .. A T

N}
4x

=2
2077 =
i

QU 20 mat MA[ZtoZ A B, C Ltzt0)
D U2 M E (Repeats) treee peeoene? B2 ZHoH0 B 42 BASL
Alu, LINE S (~45%) TY
Cis 412 TjHO 2 Bego| Hg Y
0 20| 23} 7]ofgt Loz} Yk Lojx @
off 7HZ& LIt
e 22 &5
Q3 B2 ML Stated] 72847 %2
o 7

=g
% 715 A= (Signals) as lIII II

Promoter, Enhancer

o
2
g Zoau,

State Memory

x7712] 29 97
"Gating M7 L5 0] £Q & £0| 1, 0| R& XpEHSHL| T s
ating H7ALIS 0l & |2, =012 & AR 58 M3 (Enhancer)e 24l 90| X BZ
— 0] 1Mb A2 N = S8 TS FL L
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DNA 203 (Input Sequence)

Selection Score

.
joococss—

£0|=

Gating HE$3 (Selection)

Gating Network

_________
- -
Lk
-
pe

A (Time)

Mamba: Selective SSM2| &l

Input-dependent Parameter Selection (212 O|ZX mtz}0|E] M &)

B (Input)

C (Output

Selective Memory

$WDelta$(Step Size)E X

ol 52 B & 28 7|9
o k0| xE B2

»

P | Filtered Noise

MEIH State AHH|0|E (Memory)

® 582 413 (Enh/Sig)
® 0= (Alu)

M

#* Gating 248

B 2e

e

Jp
(2=

o
—

High Priority Info

@ Hardware-aware

GPU SRAME &8

3t Kemel Fusion@2 Recurrent Ak
£ 3

Hyena: Long Convolution &2

Implicit Convolution for Lo

DNA ¥

* *

Long Convolution

£ E2H o2

U712 UE 2 72| fH o5, Attention®] O[X A|ZH

2%

Long Convolution

1K~1M+

Long Filter (Global Kernel)

Attention (7|Z)

0(n?) Comnplexit

Hyena (H2H)

0(n log n) Efficienc

EE Y23

(]
Filtered Output

—_—

0 248 (SlgnaI/Enhancer)J
)

= ZHZ 2T IM (Response

Subquadratic O(n log n)

#2h 7|8 Convolution®2 71 AjHA A4t &

HyenaDNA

E7|(1M bp+) £/ Long-range 2% H& Kz
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Evo: StripedHyena Hybrid Architec

DNARNAProtein 2 H2|E 9ot 50|22 #+Z

Input Sequences

StripedHyena Hybrid Processing Unified Output

Hyena Operator '

Attention Layer

[
[
]
[}
i
'
'
i

Integrated
Embedding

[nformation Fusion

Hyena Operator

Protein

Attention Layer

*Stripe Pattern: 2t 4|2 §% &5 2K} |  Fusion Curve! & EX 8§

Hybrid Strategy Multimodal Integration

Hyena Layer® Attention LayerS 1L H{X|Sto) ZHCtA DNA, RNA CHAZIZ Lol 2l g
=0H 3t

Caduceus

BiMamba Bidirectional Processing
DN A Forward Cantext Backward Context
E -'-|_ Py 7:” a[efe o e [els]c] [¢]

i
-

o
»

okH
= O o
o 2UZ 2o}, RC EquivarianceS

Orlginal Sequence

Reverse Complement

HDOO BDCDan
< BiMamba

'y !
""""lm" "I“““,.m

Z RC Equivariance

DNA O[ZLHY 359] 4= O3 42 29 of|
& 0] LT3t (Weight Sharing)

Weight Sharing
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Attention, U-

9 AO[ YL,

"BE QIXE S5 = A
TQeh A KE Hapt

HEH 257}
|_ "

7
Kty

q Sk
o
e

O B8 He| Bet

23

Attention2 HH| & 3t #of 21, SSM2
o MEIHO 2 7| gLt

A

O log n&

N et, SS M ] 1=y %' Attention U-Net SSM/Mamba
__I.l. NS ax
a5 X" O | Avsze  omzoiMzey  MITEEARE o gy
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Early stopping: T

—_— Trahingl.os;
oiF HE H0I7} | Y
[ a A L=
05— 4 t ;
% 52 A% 29§ —
2 el ' |
@ ing Point
30_3 - L TR imisw,pp ?“, /}
Early stopping validation loss7t Cf O| & 7§ ME[X| 42 Uf et&52 T \ ‘
h= MEYLICE Validation lossE ZLIE 350 L7 epoch & 240 10 L ' ! ¥ T
epoct) 710 €108 8442 FHELI |
e | = e [
— Validation Loss ‘
0 10 20 30 ) 50
Overfitting2 | 2 (validation loss7t £|X R H A|¥)S X Early StOpping% validation loss7t 37181 7| A|&tSte A -HOM SH&S ST,
g0l ot rigE NA oj 22 siz0| o3 %2 22 S HHo| H5S SRS & TS 58S WS
%_Q_EL Ct.
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9
Held 28 £9| Transformer 7|2 DNA A2 E S5 Al Gradient .
Norm(Z|27] 27) ZLIE{ 22 E+M AL Gradient} 5 2O H &
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T s E
s Z
P 0 E— L . —
i,
e
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1 M
0

A% Gradient Spike= Lt BiX| HlO|E{L} DHE 3 Learning rateS AlAteiL]
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& & & K & &
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Loss’} 22O} X|

HASO 22X o2 Z2HA

& 3 Loss’t ZOISX| Y7L TEsH= 42,
2 TR0[ES 3570 AR TE &
t2E 20l 2EN Lt

745 3t 0191 |earning Rate L Ef A|ZfS}0] 2 &

|5 32 202 Hg YIS 28 LigL/CE

2l
I
or

E= 0

1EH7: Learning Rate 29!
A b Hs AT golgiuct 42 go
Lict

AR 1e3 ~1e5

20 R X FHY

\Q 299 8% Capacity) 2H YLITH HOE 27
4 ox|

o

50/ 34 &

=0 Hah REO| 47 CrdtAL SO B

A

iz Accuracyﬂ &4+
7 #o| 5 X3 GlojH
FN)7t B2 X mpotste G

FP

FALSE POSITIVE
AREZE

Negative

(Type | Error)

TN

TRUE NEGATIVE

@ Corect Prediction (B

O Incorrect Prediction (2)

[
golgtct
& 1= 3HY Layer & / Hidden dim =&
3EHA: GO 2 2o
= HOlEf RtHlof 2 YL|CH BRE 2HHY, LO|X, N2 @F7t 28 g5 + U5
L|C}.
=4 A3 Label Noise / Outlier XA
Confusion Matrix2}
H = | .l 2l n
PREDICTED CLASS ()%
= ZHET o
Positive Negative
‘ Confusion Matrix2t?
EH£% Hap A2 HIX| 3 2x2 WA EY TP FN
FP,TN, P, FN)Z A ] 23t Positive TRUE POSITIVE FALSE NEGATIVE
51 94
(Type Il Error)
ACTUAL
CLASS (HH)
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Precision-Recall
Tradeoff

Precision

© szoH0 22

PrecisionZ} Recall2 A|AKH B2 SE AL
ChSlLHE Yoo ot Lt ofLtE —|*"°H 3
ote 1A A YU L.

Thresheld gresmld {QHIWreshold =Y

- B —— _—
e Thl’eSh0|d9| CE! °£ Recall A Precision ¥ Precision A Recall ¥

Threshold(2A 2 0l 782 ZHot= XXM
AL|C AA 2t ofC|of FLLof met 23O
*37—1 0| ZF L.

¥ Screening (HrH2 24 & Diagnosis (X T
g MOt 9 A2 £X|X| Y= 20| #A
A0SO SH = X2 %+ L a2 o4 =g O 740| ShAl
e Sl [ P T o47ho| QIS ZAxdiH 2t THHO 2 A& LT
HZ RS 9ol BT A A BT ozto| 9FS A4 3RO 2 §4
oot X & glg Lo HELA SX 1t AT

H| € (False Positive vs False Negative)2 212}
of MEfsjof erLCt.

il
(Rep rOd U Ci b i I itY) Training Loss Reproducibility Check

ORun Af{Seed 42) Oﬁun B (Seed 42) - Reproduced ORun C (Seed 123) - Diverged
35

DNA Q0|2 & &H52 H| 80| g1 2RSIO2 MY &7t LML
C}. 53t =0 HIO|E 2 AL} 22 ZkLoss curve)E Z0j0F BRI
ol

SEPPSPERLESSSSSPSSRSS
r.)

§
T R R QQ 37
THL LS @z“@@“a@@%&a.@q S LLLL

: Python, PyTorch, CUDA ‘&= X|0f
H:eteglof % 2tojEafa] M 1y

I# Seed 17 Al Loss Curve? 28t 2X| (Run A vs Run B)
E A GoJEAo ARM HE
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Training Loss
Validation Loss

Accuracy

of
o

F1 Score

2
=

Loss curves 7|2 X|EO| O, training vs validation loss 242 1t

Hel/adetg ML
Precision
Learni 9 0| 84 ZoistS %Oy 091
earning rate® scheduleO| 3% & %3t JTOPEH early stopping
T gradient ZLIHESE £ 1|§ 2700 gzetict,
AUPRC
0.94
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XEE

29
7 SLIEfZofof gL,

=13
o

& 2UHY oo &S

o
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2

- ©
o
3 ]

Recall

0.87

AUROC
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5 Moo

Ly

°F early stoppingt
f

S|
=y

DH "I X &
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Precision
Nt Boie o8 8 AE TP/(TP+FP)
X‘“:”E %tﬂog ()1' J»7‘{x'*a|x Ot)g
g
F1-Score AUROC
2PR/(P+R) AUC
Ay nggel 25 ROC 24 0f3) B
Precision, Recall, F1-score, AUROC, AUPRC 9| X|EE & A2 510f ZH Ol ZXEE M2 El'E :‘L oM 22O 52 HIKetL|C DNA A Z Hof A=
52 ZEMANOR BrrELC :H HOolLt £ Q4E 0| Fdte o £ ZYLICE
.
Accuracy®| &
AClass Imbalance 20 A9 Misleading Metric
Bl OJEf 22 (Ground Truth)
99%
RE M2
s \
Benign2Z 0% .
" S.E Pathogenic ZA!
21 HO|E S1UE 47 28
\ J
Recall = 0%
1% A g0l 09 20/ Y
a \ J
Benign Pathogenic
4T I g8
X
&N HX|7|2Ch R3 R T4
2 Class Imbalance
@ 99% Accuracy « 22 29 DNA GIO|E{{{ & £7 80| Mgt 42 (Benign >>> Pathogenic) Accuracy= 2 M52 AZsiA T8 £ &L
g g2 24
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Confusion matrix

Confusion Matrix 2 & At

CHA| B

D= 45 XEY 7|27t ElE2x2 &

Predicted
Confusion matrixe= Ol 5241t AX|zko| 2X| O£ HOojF= 71 7|25 Positive (1)
Ol ZULICE 0 HO| I 7HA| 74 RAE HEs| 0
I, Notg SO Tt XIS SHEA ALt = AFL T

95 (Positive) P 2|7 ofZ @Y

Predicted
Negative (0)

N £2/74 05 (=%)

Actual Positive (1) Actual Negative (0)

BXI)

Accuracy Precision Recall

(TP+TN) / Total TP / (TP+FP) TP / (TP+FN)

PreC|S|On(XC-)| Eél E) 9' 9| I:I| Confusion Matrix0ilA{2| ¢I%|
"7} Positive2ta 3t A 5 TM=?"

Predict: Positive (P)

Precisions HF
2

£108 27} ASUCE <3 2elo] 34

4 False Positive(FP)7t ZOF K| B Precision 243| 312 ¥

TP
Actual: P sy
Precision = TP / (TP + FP) -
0% &l %4 (Positive Prediction) 5 MK %A HE
FP
Actual: N
B2
ZE|
Q %4 7
20| 0|42 Y HO|(Pathogeni LI CHEt ZAE If, 1 3 -
2} Q0L N2/ + USTIE LI predsiond] KO B ‘9% Precision A|L2| © .0
AN BRE A8 (False Alarm)7H ZOFEIL|CE,
High Precision TP (%) % 0.95
3l QA I
| Q2 False Positive (FP) Low Precision TP (30) FP (70) - Q% T 0.30
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Recall(Rf21&)2| 9|0

Recall (= Sensitivity) 2
Recall =
A| g2 HOHY =X S BIRLCY,

Q @y

AR \ pathogenic variantS
False Negative (FN) f

R YUAE

=
[= ol Eﬂ)éi

Clinical application| X & Recall0| Of %

"MK Positive & PositiveZ 0S¢
TP/ (TP + N2 74|”5|D4 20| MK 5% 71|0|ﬁ§ ALt E K]

FR YL 83
0|2 E£X|& Z(False Negative)O| SHRFOI7 XY HY =+ 9

FERE

IEf Recall0| &
0| Z0{ 5L C}.

| Recall: 4 Positive 5 Ut #2 HE” |

Confusion MatrixO|l Recall 2% A4 AlLIZ|2 Ol
Confusion Matrix

Scenario 1: High Recall (0.95)

959

100 £% 5 959 Wl
Scenario 2: Low Recall (0.40)

40% 60%

10084 F4082t A 608§

False Negative 1 — Recall |

Confusion Matrix0|Af Recall2 AR Positive % (Row)2| H&£Z o|ojeiL|Ct, =
0| I X H Recall2 "% Positive(FN) Off 21250, 25 J2f T W2 Recall0] Y
AMo=z Aot B2 BXE £X A Zl=X|(High False Negative)E Al X o2 0|
E—'—l ot

Precision-Recall
Trade-off

L 7| 0=: Threshold ZH

Precision Recall2 OHA| A| 49t ZHOpA, BtLIO| M5
2 503 o} C}2 dlLb= LHNOZ LOtR| = 4
% BH(Trade-off 2 7H'—|'3f IS EH'°| 25 7|
Z0I Threshold(Agh) H780j et 2 *E"—ltf

High Precision AILI2/
Threshold 1
Precision & °

$38: Recall ¥&

Precision-Recall Trade-off: 2819 0%

High Recall AlLI2|2

Threshold |

Recall £ &
S&8: Precision %8

Threshold

1 2 3
Strict (0.9) Balanced (0.5) Lenient (0.2)
QD | | ) ) | | e )
High P, Low R Medium P, Medium R Low P, HighR
reshold X - $%0| 221712 Ch2 o] Li2izict
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F1 Score;

Precisiondf Recall @] #&&ol X| &

B Harmonic Mean Calculation

F1 =2 x (Precision x Recall) / (Precision +
Recall)

Imbalance T2 E|

3 oLt e &
EEER=CEI

PrecisionO|L} Recall B F1 Scoree g4 &

0K 29|

278 Ho/H 2 X &
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HEA Bt &

£ 2887 (Harmonic Mean) A| 2%} &4
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X
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.
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AUPRC (Area Under
Precision-Recall Curve)

10

Precision-Recall curve= Recall(x3) 3t Precision(y2)2| ZHAS 12 ZALILC
AUPRCE 0] 5

S ol BH22, 001 M 1 ARO|9] ZhE ZHALIL,

o
£

506
Imbalance 4% Z7} g
S04
AUPRCE class imbalance?t is
LIC}, Positive class?t 4% [ AUROCE JHCHE 7t
AUPRCE JEA| &L T :
o 0.6 08 10

00 02 04
Recall (Sensitivity)

PR curvet= class imbalancedilA Cf 21248t B2t XIELICE

DNA variant, regulatory element 0% 2 imbalance?} & ¢t £H0|Me
AUPRCE SHK 02 AHR3HOF grLICt, 81X|2H AUPRCE R O 2 Ofc)
5] 01, | A| FO7h ZagtL|Tt,

& False Positive B1ZtE

AUPRCE False Positive?| Egte
imbalanceZ} Aot 2X0f|A £7|

AH FRE 2E7

AUROC vs AUPRC:

aﬁ x|_0|xn-‘ ( N\ 4 N\ 4 N\
Imbalance PIZ E: Class7t 50:5022 ¢ &ef Yo d AUROC AUPRC AUP
5 XHi“' XL Ch 5RO 22 H0| Mo E+E AL JHe (orF AR AR A AR
(199 £) € A/E O Kj0l = AZ t8 7ts (&%) 1§ A% (Better) g+ M8 (Musy
T oNA 814 ONA O
2ARY REK 2R Enhancer (2-5%), Pathogenic Variant (0.1%),
P CpG island TFBS (Transcription Factor Bindin Splice Site (F4:)
A Warning Signal e Site) (ranscrip 2 ’ B
AUROC 092 0i$ =X 2 AUPRCE 022 Tf2 &g L JERN L
£ Q& UL ol 240 ”‘ﬂﬁt ?3'50| Z7 g
AUROC X0 2 2 e Ags 4gAU
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Specificity®} Sensitivity

€ Sensitivity (AZE

Recall = TP/ (TP + FN)

"M Positive &
Aot & AOopEHETL

£ False Negative(£% ) H&

Qe Yo NE (P EM 5Y)

]
o
El

=

n_»
nﬂ
0|n
rua
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X x| 4OtOF & Of 8 (Screening)

0O Specificity (50| )

TNR=TN /(TN + FP)

"MH| NegativeS
HOHL} Negative2 SHEEL

+ £S5 42 False Positive(2Z4 H) ¥

13

Trade-off 27

Sens Spec

A5 B ThresholdE %&H
Sensitivity= 3 7FSHK| 2, Sp
ZAgLD ZHo| 02 FEY M
Zaguch

Class imbalance 2X|2| Al

1. DNA |O|E{ 9] 2%
X-I H-ﬁloi

O

Promoter= T 7 =9 0.1% 0| 24
Pathogemc variant= ®H variant2] 1%
0|2k Splice site= A LIOIM = =
24U 0] 2252 DNA B0

o 235 S50,

O| AlZEA]
o

b

3, Oz =
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o

]
-

ass we |ght focal loss, oversampling
OF T30 3R, ZEHOZ Of
2 XL} B7} X|E Melo] of
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Baseline}9|
H|

45 B719) 717 43

23 452 HOfZHo| ofLiet Mot baselinet Hl
3o F°|'3|7f UELICE £79] Class Imbalance 420
Me the Accuracy7f O, Random GuessLt
Majority Class 0] 51} Bl 2310 4R HE BEBS
B} 0F gLct

"AURQC 0.85"2t= HLj 4| EL} "Baseline 0.5 |
085 E}L AR SHANO| A ME 7} BESLITH 8HAF 7}
& Chaoh D8 (Naive Baseline)2 HA A 7y ZSkeni O|E

TN

Random Guess

0‘ -E% {912 0|50 2 YLICh ZH0[ A4t &
o,

AUROC ~ 050 | Acc~ 50%

2. Majority Baseline

B4 Ch S 2(0: Negative) 22 05 te 2

A s @
&2 Y T

Naive

2Lt Imbalance Al Accuracy= EX[2HF12 0

e,

Acc~99% | F1=00 | AUPRC ~ Low
3. Your Model
Baseline® HO141 2210/ TS 813 ZWYLTE BE NEOH 28 LBl 452 20{0} T
.

AUROC > 0.85 | F1>070 | AUPRC > Baseline

9 Imbalance HO Ef(0]l: 1:99) A= Majority BaselineO| Accuracy 99%5 HHBIE R, Acaragye Hs A&

L ERP L

Cross-validation®]
a4

a T 439

o

A

EH Train/Test 222 GlOJH 220 HACZ QI BH 55
£5| DNA GlOJE{ 0 A
= Chae 2R 28 A N Y WW‘* (Sequence Similarity) 2.2 9l
3t Information Leakage7f 2 9ol of¢ =S

Y7L ALE H2[t7] Of g BHELIT,
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o |
o2 | I I
« [
ay
o |

3¢ Standard K-fold

HOIEE KIZ e of 2% 35S 488
2K, 459 B3I BFHNE Holsiol
AX NE|yg e

oim o
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A E(Homology)E 7|Z 22 [0/
A Y50 BE3O 2 M LeakageD
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2HOML x| 2 ME HE

Class Balance Class Balance Class Balance

A S0 2 X2 M 7to|=
Balanced Imbalanced Severely Imbalanced
(~50%) (1-10%)
A ot
o 1 1 1

Class balance X3

Positive class?t TH| BIO|E{2| H %E kX[ st=X| 2Qlst= 5 >
310| ﬁ E|_|'71|OI:I}L||_E|'I | | 1 | 7S I. | I. | = } ACC\NC\C‘/ AUROC AUPRC AUP)

g 2% 1%

=

Cost Matrix 12{:

FN(SE)0 B HROIR| P87} O FNOT, 32 &
st @iy,

|'|]_|_

|5ljot, Pretrained 2
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Foundation modelO| 2t

1S L]
A
72 HO[H 2 ARESE He oY = b <5
Foundation
Big Data Model Adaptation
Foundation model2 =4/ 72| DNA MEE A 85 (Pre-training) = Genomic Corpus Self-Supenvised Fine-tuning /
8010] 09| THES 931 AT} BEYLICL EF SXS 98 BHS0fx| o e Learing e
x| KI% DK X (Fine-tuning)S S 1253t M ESHY SHIE o} 2 | (otems & snen |
o \ J \ J
% 4 QgL
# Variant Effect Z Structure Pred. %" Function Ann.
(embedding)dt Tt2fO|E| S CHYst 320 TjALS ' Foundation model® ZI%E 3t 7HA| £ '‘One Model, Many Tasks'0f & LICt. &CH ¢t EO|E
2 2= Nucleotide Transformer, Evo, DNABERT . oM HHHO M 2H S sigot RH X480 F7t SEUO 2T 8 JHX| | Ot
2EE HAION HO{ L 4SS YRTLICH

Pretrained Elrélg_l Contact Map (3D *ZX)

* *i
E E1 o (o] N U = 9% 7+ 3D & 0|5 §LICt. AlphaFold-style =22 RNA
| Tl' o ZLt chromatin loopZ O .

Z5t0, promoter, enhancer 24 E8 X ofgL|Ct
2 9K Ee X”l MNEO| =t X ownstream
eIk

Per-base Probability

Enhancer, promoter, silencer 52 & k10, TF binding affinity&
- " H3tL|
2 9001 A C G, 71 & HES B0, LM B4 &

71E gaU
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Zero-shot Prediction
27} 8 glo] Hha

—I H HA
0 =0t
- f!}
[ -] Input
Gllo 0 OIHIO| ESFR| Ot AFA SFAE| K| Al Sequence
Zero-shot2 23 ]”-|'E|' |HE LG|0|ESEX| %0, A SHEE X| Al (Pre- Foundation Model Inference Prediction
° 3y o 2 Al "ol
trained KnOVQIQgIgi))\ ; %%OH g':' s Elil.f_‘_ Engioé_{ol.i °|. HEI-H L| EI-E Parameters Frozen 9 Probability Calculation Variant Effect
DNA o 012 —1_‘_7H9| )\1 Eoﬂki %E&l' —= _OE? HI‘OEE, = (No Update) (Masked Token) Likelihood Score
& WO|Variant  MEERCE NAAST SN BHE 4 UBLI

3 = Yx|off Z2 M2 2%: A Foundation Model 'Frozen(EZ) AE{Z £, 2 HE0f CHst
=g B8 ¢

0| 9o St=A|'E SAEE AMBLICE
il

9 9| Fine-tuning 0| = 2EO LY 5‘% EEES ALsto] ZHE ZE YL Ol HOH 2o]EY

2 N7e 0oz s

=]
ihood)2 A3 0|2
Gt 71s wrE e

9l zero-shot0| Z&st=7t

Implicit Learning -
MLM 52 M 89| X0~ g2 SHERtLICE. Of EP‘*OHH 4 MLM- : . Zero~ shot
SaiE HOH0| 7HYE 02 shAt|m 02ft B EH Yals ot Pre-training Prediction
o;al_} §o1| 1 _T'_%X-lgi XlQ.o$|_|[k : .
3 585 Multi-species New Species/Task

DNA sequences

A

Codon
Usage Bias

o oj)
= O [=}
fE S AHAAZA ZASL|C O OFX| Of 0f0|7% =
DNAQ| ¢10{2 2E38H= IH AL|C Regulato
| 4012 &S5t YL Human, Mouse, Zebrafish... 'a:tifsry No Fine-tuning Required

LM2 YA MOl K= 20| = Splice site, Codon usage 52 &

i
=
x

0 OlA: GT-AGE 2E THYS0|A 99% 0|48 HEH

4| Zero-shot Yttt

2 ZO|Lt EfATYE A2 &

)

Fme tuning) 20| = FA| =
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Zero-shot2| $H7|

ML HlO

ds M

Zero-shot HE[SHX|2H £|H A58 BREIR| %LLITH Task-specific
YBE 22X R0, &% G|OJE 229 FO0| CHE EjAT oM =
45 Mot 2 £ gL

S 0 7]
=
Pre-training -.) Foundation -.) Zero-shot
(General DNA) Model Prediction
HHOM = zero-shot2 2 AIZ50] 7t5 84S 2t 2, R A| fine-tuning & M st= 2
0] LEHHQLITH (Visualization inspired by DNA language model concepts)

Fine-tuningO| 2t

=LA
&

EjA3 E3f 27}

Pretrained mode|°| L20|HE X7|¢OR AHESL, task-specific data®
Z7t 852 TISELICE DNABERTZ promoter O14] taskZ fine-tuning®}
£ 70| X AL,

29| labeled data(H ~=0t
21 from scratch2CH EH XYL

+ Task Data

35

Pre-trained
Model

Foundation model0] 00| £2 &3

ol 2%j3tE 282 BE 2 AL

Spedialized
Task Model

Parameter
Update

= 7HA( 7 W20, 2 GO[H 2k task
f

[
C
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4 Zero-shot = Fine-tuning

Zero-Shot VS Pretrained Model Pretrained Model

72 29 J0j2 A
2 28 02 4 CEEE

5}

Fine-tuning H| 1 ! !

Instant Inference Weight Update
Z2HEO| SHY} H|0|E 7+t
A ™ol MaS MEHSIAIQ. Zero-shot2 & v ¥
= BEYE Fine-tuning2 N5t "W
315 Nl&aetLct Direct Application Optimized Model
ZA 2D eE BA3 S 2d
( 3\ ( N\
© ¥z oz
@ MEi JpojE We n2Eeo/g 82 45 24 (o)
2 GOy 228 2O Q/EjA S e HE
Zero-shot H|0|Ef £F, WE T2 EE0[T, ZAl A8 7Hs (nstant) =3 Zie
8™ EfA 3 Fine-tuning: 23 H 0|, L ) L )
310 g5 a7, S3E =42
( 3 e \
A oA A FoAE
A 45 0e% 24 ol g T
23 E3 85 S Az S E Y
\ / Overfitting 918
& J
T2k Zero-shot2 2 Ht2A| ZZ %, HRA| Fine-tuning2 2 ‘45 1 s}

Nucleotide Transformer 000000
v3o| EA :

20244 S 74l %4 DNA Foundation Model . .
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0l 22/ S5f &5% DNA 0l H| 7| X|A2 BHHO R, Of%| AF §7 TRHER Liol K Lict
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Tutorial 1: DNA Language Model2| O[3}l (EB}27}7] & 3):
https://drive.google.com/file/d/1y2nK2krHGU pS-ej268 pHNNHSmmUSGOAH/view?usp=sharing

Tutorial 2: DNA Language Model& &%t TFBS 0|5 & (HIZEZL7| 8 3):
https://drive.google.com/file/d/1EQ0ZgE1C7Yylf7hos2 PmaalWNMGkK7 FDgx/view?usp=sharing

Tutorial 3: 7 HO| &1} 0| =1} B2 ASEE 24 (HIZ7}7] 2l3):
https://drive.google.com/file/d/1X3b6VcQZ88ujRfEEdeckNIHOxuw1c7Xo/view?usp=sharing

« Tutorial 4: NTv3 Post-trained Model for Genome Annotation (Ht27}7| & 3):
https://colab.research.google.com/drive/16-IlUuOu0pUlg2JU7 gW-XAv15FDH1FcH?usp=sharin
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