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“The core research focus of Sakana Al is in applying
nature-inspired ideas, such as evolution and collective intelligence,
to improve foundation models’ performance”
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The AI Scientist: Towards Fully Automated
Open-Ended Scientific Discovery

The Al Scientist: Towards Fully Automated Open-Ended Scientific Discovery

August 13,2024

Chris Lul-2", Cong Lu3*", Robert Tjarko Langel-", Jakob Foerster®*, Jeff Clune3*5" and David Hal-f

“Equal Contribution, 'Sakana Al, 2FLAIR, University of Oxford, 3University of British Columbia, 4Vector Institute, >Canada CIFAR
Al Chair, *Equal Advising

One of the grand challenges of artificial general intelligence is developing agents capable of conducting
scientific research and discovering new knowledge. While frontier models have already been used
as aides to human scientists, e.g. for brainstorming ideas, writing code, or prediction tasks, they
still conduct only a small part of the scientific process. This paper presents the first comprehensive
framework for fully automatic scientific discovery, enabling frontier large language models (LLMs) to
perform research independently and communicate their findings. We introduce THE AI SCIENTIST,
which generates novel research ideas, writes code, executes experiments, visualizes results, describes
its findings by writing a full scientific paper, and then runs a simulated review process for evaluation. In
principle, this process can be repeated to iteratively develop ideas in an open-ended fashion and add
them to a growing archive of knowledge, acting like the human scientific community. We demonstrate
the versatility of this approach by applying it to three distinct subfields of machine learning: diffusion
modeling, transformer-based language modeling, and learning dynamics. Each idea is implemented
and developed into a full paper at a meager cost of less than $15 per paper, illustrating the potential for
our framework to democratize research and significantly accelerate scientific progress. To evaluate the
generated papers, we design and validate an automated reviewer, which we show achieves near-human
performance in evaluating paper scores. THE AI SciENTIST can produce papers that exceed the
acceptance threshold at a top machine learning conference as judged by our automated reviewer. This
approach signifies the beginning of a new era in scientific discovery in machine learning: bringing

4/ sakana.ai



Sakana AIANBERE LB IT—x 2k : Al Scientist

N s Geraast Tupts Al b Cesaraid Do

ALSCALE DIFFUSION: ADAPTIVE FEATURE BAL R : A ke 2t s 5
ANCING FOR LOW-DISENSIONAL GENERATIVE Mito- it e i 6 AN RO & e e o [Ler—— i W 4
ELS R S SR AN » ® vl . Ak £ w400 e el o AN : HIEREE £ b M oo Laoc gk e e e

s vy s oy w1 " s badasn e T =y 1w e 3 Asvriten Whs e Moz asesns

s 5. T bevaed T

* Shoe Amebed wae beng §, - ol . o ‘ v "
To ety s g et e % - i - et

s @ Ak sl atd e i et U A Tha s L
. T e s s« s ek SRS 9 R, - - PRTrpeprp——
g b e e 13w i s B 3w X T e e 201 ok ) -Aacmed o, Ui b
2 . Aty s e i g

et sidy e od 3 b bt

Thct wiens St bk o i bk
b s i 8 84 Mbbg cha

el ks i o ik s
"0 ke el and

Vit cog o s g

. Tormatprncsn: G bt b Gaacksn s o ¢ bt e o bacrgnd g a e X | . otk b o
R g -

ot cabs D1 b 4

T A T
x

e gimcond camu. T st s ¥ ab ok b pamiete focand L skl . a1
- o e g e e e gt O bcache i ks v Rt ¥ o A £ b
b bt a £ ol £ e s 8 7 bl sl g 7 F1n i =Ml
e e et e Y At el Mt I emnp Tt W P ST
T b et oo S et 1 i o BT b b o o i ey o b ik bk MLP v b s oo 0ol b i g
e, o b 4Nk bt el eef L i P 6 b g a4 T By ik 3 Uk o et v £ s 4l COUM i .4 ISEL T ecihg oy
JEr e —r— Nt st g TR Ao Gomd
PYEb ot ity g i g sy b
== LD SaeeTes 4 Wk i st e s 2discd fead cx vt ad € btuts
== ™ T R S O — ceel ol notrind wiin s

Pt

Rebptnces

KL S B g it g i

ng i W pins

[T e —

- e (1 D) T

el o 4T ik,

s Wb D st prsing 48 418 i

3 bkt g, e o okt v

T AL 1 Sicwd Lise, Tuidity (x ke
ER ey Sty

8 i ot Bl Nemrt T adtos WAusx vt g mike e ! LOSCLLSHONS ANG HUTIRE WoRK o
v e 2158 G

b, T AN LT

Wik N Wb sk, e s Congd. Deepansgsrind

i Dk Pevisiog
Wik Lo ks

Ve o s caicas i

Tk | s oy e winikafr e o i B¢ Bt

piiaion s s Chachs sk s o

here Mk i Rens e S geavals aretans e bac k. "
T T P e e e e

"
b ik

4/ sakana.ai



Sakana AINBARLEBIIBIT— b : Al Scientist

o]

Q Idea Generation @ Experiment Iteration ~= Paper Write-Up

llllllllllll

. LLM Idea/Plan Experiment .' ‘ Expenments Manuscript
: Innovation Template ' ' Template

L Q.

Code A via ] Z [ Update Plan

Text A via
LLM & aider

LLM & aider

{ Novelty Check]

Sem. Scholar ) R
l '''' l o Manuscript

4 N\
ldea scoring / Experiment Numerical LLM Paper
archiving Exec Script Data/Plots L Reviewing )

AN )

15
4/ sakana.ai



Sakana AINBARLEBIIBIT— b : Al Scientist

o MNILRIEEDT—HL 3y T BEHIOEAE B
o FEAIEFHBXNAAEDEZRTOERAZEBEL-HEIDEH (2025F48)
o LRI E® NatureZZEDOvY—FILICTRLZMICTERENDS

nature
Expl i

Researchers built an ‘Al
Scientist’ —what canit do?

the trend. And indeed, there's, you know, papers like the Al scientists
from Secana Al where they really try to take this, full loop

AR mw

4/ sakana.ai

Credit: Moor Studio/Getty

16



Iyt R (1/2)

o ERERZANALE ELLHEDFEA

4/ sakana.ai

O

O

RITEERLTIEMBE. EWVD, BARRIZCEREEZF-BE2HRETOEX
- REIERTH-HODORMTHAA—T T UREE 11I25%H

AllIz&3 All=Xk3
HEER BOoWE

=

17



Iyt R (2/2)

o EEFHMELIZLVEDD EEAE

4/ sakana.ai

O

[LLM as a Judge | &

HENSERATDEEL

=

10EBEIH1T5
B[ 6

18



WRILUNE AT RETE

o ARAMEIL—LT—Y THY., SHWEFRFYUANHS
o TER-HT-FEH-ROF..JEVIDIF, EEFITHN SR H

@ Idea Generation @% Experiment Iteration =

il

Paper Write-Up

HEE RS ) - <
. LLM Idea/Plan Experiment . Expenments : 5 Manuscript
: Innovation Template , : | Template
: —> ‘ - L —
. Text A via
| Novelty Check Code A via : | LLM&aider |
: [ Sem. Scholar ] [ LLM & aider] [ Hpaate Blan ] Y
l l ..... l ..... [ s
|dea scoring / Experiment Numerical i LLM Paper )
archiving Exec Script Data/Plots . Reviewing

J/

4/ sakana.ai



Rl 2 FIcHBTHBMYEH
2/
% il ulu- el um@ :T

o)
<t =
ég /,
AN ‘\“‘\\\\\\\- J
\\\\\\‘\‘ Q
S\ o \ ) JH /// -
A = |:::| il lll
[\
A7 b VAV USV UV etz ARRINT IV RTRR s o RBie 804 —7 U — 9 HI= L 5ERA
BIZHI 9 B EICERYFET TSI REAEIZERYHEE .

. 20
4/ sakana.ai



BB ITAIYEEA

BETILEHES R TLICDONT

03

4/ sakana.ai




FH#ES X T L& Al ScientistZL—LT—%

o MAMEAV-ER Rk -FAEOREBIL-BEL
o HIMETEDIMMAH DI

CEES
AVTERER
LR—k

‘ 22
4/ sakana.ai



FH#ES X T L& Al ScientistZL—LT—%

o MAMEAV-ER Rk -FAEOREBIL-BEL
o HIMETEDIMMAH DI

hirens o= :

HHE - PRRECEE ( \ || EE0FR
g sticme | |

: v I Y
| BRT SR | Q D Lt

] [ o | "

7 : ~R—
L IINE @ & | mEmas || N o - o - | S0

______________________________________________________________

) 23
4/ sakana.ai



RAROBERNGEICEHTHERE

PEEFX ARV E- BB LIZRE AIZEETHIRE NHBYREICHZSNEL

o FEINFRRIZEIREIZENMET L0, BEGHEAENCHEERSDE
o REGENELRTHE FLHEVYETRELDHS

e == — %5
| (- X-] % %
LK > 3: |
Jnyssuy HEADEE

i

) 24
4/ sakana.ai



RAROBERNGEICEHTHERE

PEERIZ ARV E-BEZLIZRE AIZFEETHSLE NHYREICHZ SN
o HBHEFINKRICIIRHICEET A, BELCEREFTOHEERNABE

o REGENELRTHE FLHEVYETRELDHS

mm
:,;f.‘r,fif:fii‘:::“*‘ _
00 -
/< 2 '
Ingszvy LA T

ERETIOBRATENL=, TABOFHBREFZOIEL ICRYED

o NASHMEEANLLT, FA—VHEIaR PR DT HIEEEBHT S
o BEOEIEARRICHGA T THERELLNT TO—F

f

ﬁV

& Ra=

E

s KE—> OBE RoFHELS
' (E#
SRT Ly BT
K
= g -
_ : 25
%) sakana.ai » ~ /




BEY)1—S3Y

AN

AllC & 3 HIER K O— 2/l

RIAICEC IV R s

e yr———— .

AN

move_forward(30) =

\j
o
EE
o
\/

BEIVYUR HIEOVY Y RESZ(TED

, BAIEAT. BeEdTD
capture_image()

MITDIviary L

(A1)
IWNEERR U SEIOREKRTFZ
BEULTET

(AIDEE)
NFEHRLUT !
FFEIVCREEI D

RiITOBM - O—I)L%E
I1—YNEHICETE ®

NAREREE 5 DOEBAIET LK E IEE
FO—VHIEIOI VY REAIRE ]
WRORIT=Y 3 VICEDETAINBENICHIKT S

e Sakana AlIXFHMEETILTAEL, ERBETIVEFRAL-HIE 2RET S
o EBETILHANEDNAMNLGMEZEALIKRICISCTAINBENIZEZEITT S

o EEDEAVICEEDOEAH#T MYBADHS
o BEOEAMEITHET. BEORALFALLAS RRNAFIHETS

4/ sakana.ai

26



HMEZE DT, BAIRNGADETERL TEEL,
ZND#E. IREIL. MOBMENEOVIERL TETL,
ZD%E., BRERIESEBREL TRETL,

2RE DT

4/ sakana.ai

\/

EEW,

AlD¥ R

XLEABHTBREBD E A, RO—VIKERLTHNZRABLTL

27


https://docs.google.com/file/d/1fbepBlG3BnyUJ1Ix8QowH0cIz5_VIiY7/preview
https://docs.google.com/file/d/1m-pix_Fl7m_KewZGun8MIa-_gNythEO2/preview
https://docs.google.com/file/d/1EyH6sooJ7DZnW1TsKDkGpgeaZ1FDz1y-/preview

A x Al G AT BEtE

AR BEEFIE - thREFICANAIRE
SRR

=i ==

(6) (&) '73? 1% SAEN{E

......

< s
AN Al for Any Mission
UAV I :21
______ ¢ &
re-snll : z -
TwvI ETEFEY SSLM ) Ay e
Uuv Usv

) 28
4/ sakana.ai



Sakana Al ZR1Z R BHFE

o IN\BUS)\ ATENMET BitE/\BYE 5 USSRl
o INBIHAREESIERETT LTinySwallow-1.5BNDiEEE
e NRAETFIVEEMMHBEZAHVWEIX EE
o EILHWEFTILY—I
o AINEHIZRRBIEHDIL—LD—DRH
o Shachi : https://aithub.com/SakanaAl/shachi

BEEFENDITH
o ORw LHITEHIANDIGHARERSR

J

BEMNGLRE TELRIET S SLM

&)@ : https://sakana.ai/taid-ip/ 29

4/ sakana.ai


https://github.com/SakanaAI/shachi
https://docs.google.com/file/d/1a-_pvopUk39iZboASPNSLJYEYjyLYBhK/preview
https://docs.google.com/file/d/12jCAXJK-vyK9U2Cwry5pxIvDLbzwkLj6/preview
https://sakana.ai/taid-jp/

04 WL peradtt v OF it

TN I AN

4/ sakana.ai




SRZERS e ErE

EL
?
-5 m )
= =04 =1
o i o 000 HERANDEE N % RIEH
L () ]
=[] OSINTZ—%5 b g
== - @ — 8 BOT(C & B ¥
I r" BEANDEE Vg BOT

KO snsz—5 ‘9 BT
= °8

XY~ EDOEREM (& Big - REFRBEZ DI S LTROELVMEHRY —X

BRL L. A—RAERT D20, (GRNEFEICESAHICIIREND S

) 31
4/ sakana.ai



ATV RS AlICKSE41E

AllC KX BBEARICKD . SELRRZS|EHUSBREZHED

é%f
M ® 3 i /*KE*@ED

?
of-)\ g/c_)g — 3@@ . BEADIIE
e
Jd Lo

SNSIIE . ZIRISIERZHIS

_ 32
4/ sakana.ai



AT AT E Al ScientistZL—ALTJ—4

AllC KX BBEARICKD . SELRRZS|EHUSBREZHED

[ AT enzE -——— Y
o, B s dl \|[mams
@ : RIS D
” © AH:CK&H% ’B SNS‘;Fﬁi . Tx@ Lk Lia&)
d 6 o i - I KSR A | | -
SNSHE . BB HRERS ; " 1L "1 _
o BRNDIE | . B b AV
o IRINILIE ' -

Al Scientist® J L — LD —2o G HBIEE

_ 33
4/ sakana.ai



BER / BERORH

Al-Generated Images (£ T NICEIHR) SNS_Fi25s AllC & 3 BB SRR
':(Eulj:zz;);gx:au: ﬂ%ﬁi!h‘f - — e :-DIDl::; aIJIUiN;;(ytz;::::Pthed for suspicion of being a
) : dinosaur' in N.C.
MAICHFEDO TR F=AREITE Tx[e]=

onslow.county.sheriffs.office = =
. 501 7407~ 7D7—f IVERR

3

Q82 -7 Q 605 13

(AL L5 T80 B BREIE |

BREXEEGORAXZLEL-HER. ABREFBALTHLERA,

A

BT DN ERINIGRET#AIEBHELTLET,

ABERERBER COEBRIIN /—XAOS/4F A AO0—ERZ&H A Old 30 RoadlEWVSER EIT
HEE-HEETHLAEEENETT,

LEDHR. TBALIEN/—2DO514F M 1T LLBLIWHTHY ., COATHRBEXEHEEZ(T
FELTLSATREEAELTT, 34

4/ sakana.ai



SNSH\S., BET—ICEATSIERARE (5747 )2Hit

KERERICHTSHENEECET S TS5 1D

ﬁ,

R - READIEE
RV TS

Q 7
O— g 0 BB - FERDBT
d 4 o

[BEERE TSN

EDEXD ([ZHERN) FHE
(BB NS E DML (CERMICE TN TULVERL)

O OE D ZIFEL/ DL (OOI/\G)TL:.)

) 35
4/ sakana.ai



TS5 T4 DR - DR R1E

o FSFAIEBHREMICE> TRANAFIVICHE (U5251L)

o BBEEISIIICL>TEDT. IHNOBRSEY 1 X TEEL - ; .

o« USXIFATOENREEICHFBESETEIL 7__27{\7@?%"‘5@)‘\3\

o USIADMEECIENESENICIEEY 3 C & A T8 >S5 R 7= B84k

_——

+S57471
o _ X
ol TITA A2
£H F57173
H ® +55,74
, \
'l:l[[l":l +>7475
s ® 557176
= 77
e +557477
\ —
& F>5+02

5) sakana.ai ﬁﬁm %%%Fﬁﬁ ”



BRIET5T147 DILBZERA

o FSTsINHREEDHSIHCEICHBIL
o RBEDDSRY DI ERRICIRA. 77> —hahd C &ENAlgE

1,200,000 - QP TS5Tr JDHLREIBIE
1,000,000

800,000

600,000 -

AT Lyvavi

400,000

200,000 1

. 37
4/ sakana.ai



AIT—V MM KB RBELDIER., 2alb—ay

AlZZFAVWTCECDSIGEORELZIIT. BEBALERAD

AZEAWT. EBROI—I TV ICEMERS B 32 L—2a DBl

) 38
4/ sakana.ai



HENYIC

4/ sakana.ai




EHYIC

e Sakana Al&I(d?
o WRIARILTCEFIOHDAIAMMICELD (DIZ—DILT714T TP EFEKRKT IS

o BHENETICHITIEDEH - Al Scientist TJL—LDT—IDIGH
o MABOBEERRGIEINDIGH

Idea Generation ’ Experiment Iteration
VTV I TV IBHADIGHA v -
O /r J J y I J /\ ILJ\ s ) I B\
. LLM Idea{PIan > Experimen t
L Innovation ) L Template )

o {ﬂﬁﬁ’\d) ,;E\ ) % ( Novelt:I'Check ) ( Cod;'A o

: Sem. Scholar LLM & aider
(& y . 4

o Y1N=FT1TIVYIITITAOERDEH b )
o BRRTSBFEDEF(C RAD R THEAERARMR o’ - [sSem) [ osre revet

) 40
4/ sakana.ai



&  sakana.ai



