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SCALING LAWS OF SCIENTIFIC DISCOVERY
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Scaling Laws in Scientific Discovery with Al and Robot Scientists(Zhang et al.2025)
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Level 0: Complete human Limited tools Fixed Excel, Matlab Humans do

No Al everything, no Al.

Level 1: Predominantly Limited virtual env Internal; ChatGPT; Al helps with

Tool-Assisted human-driven APl search Basic ML Models simple tasks,
- humans lead.

Level 2: Significant human  Virtual env Internal; OpenDevin; Al does complex

Assistant oversight web search; DeepResearch virtual tasks,

virtual experiment humans supervise.

Level 3: Collaborative Virtual and physical Internal; Advanced Agent; Al/robots handle

Partner human-Al/Robot envs F— Web search; Advanced Robot experiments,

Reach human-level interaction Physical experiment humans guide.

like undergraduate

and master.

Level 4: Minimal human Advanced interaction Internal; AGI Robot (AGIR) Al leads research,

Researcher supervision with virtual and Autonomous search; humans supervise

Toward human-level physical envs Creating knowledge and review.

like PhD and Prof.

Level 5: Fully autonomous  Fully autonomous Internal; Artificial Al manages all

Pioneer interactionin allenvs ~ Autonomous search; Superintelligence research, no

Outperform human- Groundbreaking Robot (ASIR) human needed.

level innovations

20 : : 203x? 4
> 5 s . >
e ChatGPT e Devin e Coscientist
e ChatPDF s Autogen
|
Human use Tools e ¢ ALSCue Reach most Master, Beyong human
(Virtual, Physical) A":"""':""": "; b°t:‘ PhD, Research scientists level
sical and virtual "
A — phy: s Scientists level Leading the
Comtanieation . utonum:nl.:,ssm i (Generalist embodied development and trend
Knowledge provider . N (Ad_vance_d intelligence robot) of science and
(Academic exchange) (Summary, code, (Search, coding, ‘wrltmg. manipulation - o technology
academic writing, simple peer reviewing) capabilities) Unlimited Sci fields

Human/wo Al

literature review)

Chat

Limited scientific field

Limited scientific fields

Robot

g  sopetuman

"~RGS |

Robot and ML for domain-specific research

Al and robot for domain-specific research

Al agent for domain-specific research Go- gle LAlcosscientist Adam(2009) % Equipments | Autonomous  x Yes (limited) — x v x Single (Biology)
@ Embodied Al robot for universal and multi-domain research AMDI Agentlab.) /5030, ;’aper)Robot ML x Assistant Reading v * x A Single (Biomedical)
,,,,,,,,, 2019
I
I"lii" . SciAgents Coscientist LLM agent| Equipments | Assistant APl search Experimental  Coding, vV (limited) x Single (chemistry)
(2023) design browser

—— Al Scientist LLM agent| x Autonomous APl search v Coding x v Single

p— P (2024) (Machine learning)
2024 Organa (2024) LLM Robot arm | Assistant x x v (limited) ® Single (chemistry)
[

© Mobile robotic chemist -  _Research agent Agent Lab LLM agent| x Assistant APl search Research Coding x v Single

£ Adam (RD.K) ' 2023 : ) (2025) plan (Machine learning)
: i ) .
emm—— ' Al co-scientist  LLM agent| x Assistant Web search v Coding, x v Single (Biomedical)
Robot Si tist g
¥ Q0L ACES i 2020 LE e ORGANA (google, 2025) browser
2019
2009 e
2004 © . PaperRobot | =
AGS (Future) Agent Embodied Autonomous  V (General) v (General) V (General) | Vv (General) Vv (General)  Unlimited
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Topic

Pulsar Candidate
Classification

Photometric Classification
(Stars and Galaxies, Stars and
Quasars, Supernovas)

Photometric
Redshifts

Real-Time Transient
Light Curve Detection

Galaxy Morphological
Classification

Stellar Spectrum
Analysis

Metrics

Method Nov.T Fea.T Rat.T Tec.T Dat.T Met.T Des.T Exp.?

Galaxy Cluster Mass
Estimation

Astronomical Image
Segmentation

Pulsar Signal
Detection

Interstellar Dust
Distribution Prediction

Galactic Dynamics
Studies

Supernova Explosion
Prediction

ResearchAgent 1.66 2.03 L7 1.52 1.13 1.69 0.90 3.07
Al Researher 228 246 221 221 1.98 2.03 2.0 3.41
RAG 2.10 2.10 2.30 2.00 2.40 221 2,15 3.00
Astrolnsight 315 310 3.00 346 34 308 277 341

Automated Redshift
Measurement

Black Hole Detection
and Mass Estimation

Detection of
Star-Forming Regions

Star Cluster
Evolution Modeling

Quasar Light Curve
Analysis

Automated Gravitational
Lensing Detection

Astronomical Data
Anomaly Detection

Solar Activity
Prediction

Al-Assisted Astronomical
Instrument Calibration

Optimization of
Stellar Evolution Models

Light Curve
Fitting

Space Weather
Forecasting

Gravitational Wave
Source Classification

Study of the Milky
Way’'s Central Black Hole

Galaxy Merger
Event Detection

Al-Generated
Star Maps

Exoplanet Atmosphere
Composition Analysis

Time-Series
Astronomy

Detection of
Stellar Ejections

Al Automated
Telescope Control

Estimating Cosmic
Expansion Rate

71',

BN ERERLE-RMNKRERHTA.
T ETPAE, T0+i1E R L Topick 7
£, BEomEENTHEEE[SETE
]

Study of Dark
Energy Properties

Supernova
Remnants

Early Light Curve
of Supernova

Optical Counterpart
of Gravitational Waves

CV Eruption

Early Light Curve
of TDE

Narrow Band
Photometric

Shock Breakthrough

Red Supergiant
Problem

Circumstellar Dust

Simple Degenerate

Double Degenerate
Supernova

Binary Precursor
Star

Massive Stellar
Material Loss

Flare Star

Compact Object

Compact Binaries

Stellar Rotation

Stellar Cycle

Starquake

Be Star Eruption

Exoplanets Detection

Center Engine

Hubble Crisis

Nebular Spectrum

Solar Flare
Prediction

Embodied Intelligence
Telescope

Astronomical
Foundation Models

{n Astroinsight g ResearchAgent ggg Al Research [ Astrolnsight g ResearchAgent ggg Al Rescarch

il b

Dataset relevance Methodology

Table 3: The topics used in the idea draft generation

Closeto  ~
Astrophysicist
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Given the radio astronomical images of one object, identify any pulsar

object.

Return the answer in an Assignment Statement, containing ONE variable]

IDENTIFICATION.
Only return the IDENTIFICATION, not the Description.
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~> BB

®

EEH#TES RH+Z P FERE T A(MCPs)

( Embedding I

Encoder
Token Position If
wte (N_vocabXd) wpe (Txd)

Length T

Input Columns

Tangeﬁ-JP‘os 1
J wipe (Txoond_dim)J

N_vocab = 147
d =256(Embedding dim)

Sum/Inject
Embeddings

Cond_dim =128

Condition C

Transformer Blockx L

RMSNorm |

RMSNorm

AdaLN Modelate (from C)
mod(h) =h* (1+scale) + shift

{mod(h) =h* (1+scale) + shif

AdaLN Modelate (from C) ]
ift

Multi-Head Self-
Attention
{QK Normalization)

Gated Residual
X=x+gate * Attn

MLP
(BXTXd)

Gated Residual
X=X+ gate * MLP

[

Tokenization
X_raw=[<BOS>, S_{1thu},
S_{N,one}, <€0S>], T=AN

Final Layer
RMENorm + AdaLN(2*d)

Decoder X

Sequence
Aggregation

Physics Decoder
(Finetuning)

Token Decoder

(Pretraining)

Low-SNR Stellar Spectra as Language: Digit Tokens and
Any-Order GPT for Flux Reconstruction and Stellar Parameter

Prediction
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ChatGPT40 (2024-11)

ERXE FHFE BEERIE  RXNER AppFntEE

=a Fi mEz E[3=F g M gz
Ours-7B 0.6326 0.6289 0.5315 0.6273 0.7356 0.6396
GPT4o 0.6167 0.5979 0.5225 0.6364 0.6782 0.6486
InternVL2-40B 0.5548 0.5567 0.5676 0.5545 0.5402 0.6216
%)_LA M ﬂ%: M % InternVL2-26B 0.5193 0.5155 0.4505 0.4505 0.5747 0.5856
~

InternVL2-8B 0.5082 0.4536 0.5045 0.5045 0.5747 0.5135

SR N Rt
H GLM-4V-9b 0.5060 0.5052 0.4054 0.5273 0.5862 0.5225
( 2024—04 ) Cambrian_34b 0.5040 0.5155 0.4685 0.4455 0.5862 0.5856
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s Sky Distribution - Hammer Projection
192 | Updated: 2025-07-27 18:11:58 UTC

Data Integration Agent
Real-time monitoring of TNS data, Alert

Streams of GOTTA nodes, NGSS, ZTF/LSST

Physical Filters, Stamp Classifiers,

StarWhisper LC2[LightCurve Large Model
trained on LSST simulated data. finetuned on

ZTF and ATLAS], etc.

Scores of supernovae smaller than a day's
eruption were confirmed around September.

_____

Non - Detection &
Discovery Analysis Agent
Based on ATLAS, ZTF,
NGSS, GOTTA node
forced photometry, and
ZTF observation program

AT 2025qtu Light Curve
i

10 15
Time Relative to Texp Upper Limit [days] (V3 ORIGIN=0)

Eruption Time Prediction
with Reinforcement

Observational Feedback Submission

souce | T Commarts

Operational Prompt Configuration

Optimization Rule Repository

System Performance Metrics

Following Suggestion Agent

Based on the Multimodal Large Model,
comprehensive analysis of relevant images,
data, and text is conducted to provide
source selection ranking.

RS
Simultaneously, it can learn from
success/failure feedback to enhance
subsequent performance and is capable of
linking with the telescope OCS system for
rapid triggering.

~~ Stats Table £ SNEC Analysis hl ZTF Monitor



Traditional vs. SWT-Enhanced

11:30 i5n
9:00
11:00 12:00 i
Create observation list Observaltions
444 Xinglong x7 : o T
Al Al -
Gansn
Yunna
Xinjiang

[Any findings yesterday?] Telescope List

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

[ Long Waits, Competing Priorities, Researcher Fatigue ]

@ O &

9:00 During Day 18:00 5:00
AI-Generated List Al-Controled Observations

Researchers focus
on academic work
l Data Ready l

[ One-click Setup, Autonomous Operation, Researchers Focus on science

| Al Task Interface
7\| + List Completed

IHISPER




' Stepl. Task Recommendation
‘ » 3
‘ Task Goal | Data |Desc| | RADEC BB E

Task Tree /ih. i
Task Ins’ight J L
Method i Easy to Master Save Time Reduced Intervention Redevelopment Generalizability Robustness Professionalism task, result BRI .
Step2. Task Execution
ChatGPT a0 | /AL A / : I B P
AutoGLM-ChenSi v Vv v - VL4 VY - .
AutoGen Vv v v Vv Y v v Anasisly
AstroML v v v 4 v VY v
DBGPT v L4 v v v v v Subject ;
AgentPriot Y Y v v v v v 3 ué;d; .r!\ls‘cronomy | A::;,,
DS-Agent v Y v v v v v Stellar Physics =
[ AutoAstro(Our) vV v Vv Vv VY V' v/ | Galactic Astronomyf4 ™ ' — |
= Cosmology Analysis ||
AutoAstro — ‘
~ ffﬁb{ > 4
asss s EEs | ey
FIRSTEFTF ETFEmEEEEE, HERGoSERIAHNRRE R Y

EEEFTE (MR, BEES)

%. i AI Coding Step3. Task Decomposition - c(:.;:v.;yn‘ '.
BoimEn =

ERWEF TATEERESELE (NEREE BEREE)  BIEE®
FREREmEESERREEFSE (FRI/FRI #F)

HEFNE EFICFEESHAEERT (MERAFE. a5E) £/
BEeoEfailihEEnitBaniREl 5o

REFLE O EFAARENFRE CEZME) | ORMESRER  pgnpenne @ ETEe) B/ EEen, TUUEANES. SESE
TMAEER (BFE. TEF) IEEST (WNSS) 7 FHERG_e=ESERIQ RS RENS T REES
@ LA Label/Type/ddf SFEAHHHEER, WESHREE (BRE) SeEmEt:, RAREEn ) BISTNTE
ESFHLE i

N —— FIEEAEE tranet MU EaES RS EmE, s EﬂéAstrolnsight’ Eﬁiﬁﬁﬁ%’ [:B

EoEERHEITEEEE (L LABIL =RinciT2 /Bl

FASRSHESASSN (SREE. TEEHS) Rk HEES) ﬁni«_{iﬁ%’ %lﬁ] mﬁﬁﬁ%;}'g% E(J% ﬁﬁ

WEE (. iE)

F=EEF=E O FITNESSIHEERE, BEEIEEFSTFsEER
ERmES O EAEEAE /B N2S. BUES A 128 g oot st e S [2'&
25, SFESERERNFEE RS MERHTES
MERS SRS (LR /E) Bxe, NNSSFE AEEHST © BT RHESS| DE X ISRENE, S BEReEns
(BEE. =Es) iiting e s Astrolnsight AutoAstro Astrolnterpret
THE SETESSH, HESEEERSTEEEER . l\ e
FhSRSHERT © SIFFERRD (B2 /8% /$BH) SESHHE, 5 Sl e is T A A B 2 S B AL B BRI B
A EEREQ B AEZERFER Petrosian 222 (BE | RHUESIESH @ FHTEE8T (pmRA/pmDE) S¥EHHE, BRIEEE=E
ERE) SEE (RE) 28, EETUAFE (vo/ri/z ERSeer mBaRELuE] ST BRI s

; B % : 57, EISTEER (MEH) S=EERG Fs
; THIER ) BRI R A RS s
BRR) BImSREE RSN CRRER BTmag/VTmag S5, M= SREATSFuSRE

m, EaEiEitaE ST R aR




)

 (CRLE2E Yy

University of Chinese Academy of Sciences

an LR BB A Astrolnterpret

- B8
=g )y e p— PR SR A TR

82 < plugin > 83 < knouledge >

P 25057 2 0[] 2 2H B A 5 A
NEFHTBA, G BB AR TAE R 5T
B 6f= 28R 1e 3,

< AI Bot

0+ Al Ik el
COZE AI FACTORY

Table 1: Soft x-ray classifications of solar flares

b 4 » . Level Fx (Watts - m™2)
N
e A8 FORCE: , PaperReviewer _{E i
‘ . N, = LE = B 1077,107°)
Xﬁﬁzmmii%tﬂ1§iﬁlﬁx C 10-%,10-%)
M 107°,107") Fig. 2: Soft X-tay flux from 2024-12-10 00:00 to
IJI_L - 107", 00) 2024-12-12 07:44 UTC. Source: NOAA/SWPC.

The structure of this paper is organized as follows: Section 2 provides an overview of the current
research methods in the field of solar flare forecasting; Section 3 analyzes the datasets and evalunation

metrics nsed for flare forecasting and introduces a publicly available flare prediction dataset within the

PaperPolisher T/Ei
WA R RIS E A S E

domain; Section 4 evaluates the actual forecasting capabilities of various prediction methods; and finally,

uwe Forcs

Section 5 summarizes the conclusions of this study and discusses the limitations and potential directions

for future research.

Rl 11 A 88 - >

TR TFALL =&% it PaierPoIisherIPaperReviewerIﬂfﬁKE
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Short-term solar flare forecasting models typically provide predictions within 1 to 3 days prior to

the oceurrence of a flare. The forecast includes whether a flare will occur, its intensity level, the

time and location of its occurrence, and whether it will be associated with other solar activities.

These forecs

sting models are primarily categorized into two types: classification problems and regression

problems. Classification problems predict discrete values, such as the likelihood of a flare occurring, while
regression problems provide continuous values, such as the peak soft X-ray flux or the duration of the flare.
Solar flare forecasting methods can be further divided into physics-based models and data-driven

models. The data-driven approaches are further subdivided into statistical methods, machine learning

methods, and deep learning methods ([3]).
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Figure 3. AGB
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Table 1: Soft x-ray classifications of solar flares e

Level " (Watts - m™?) I i

A [10°%,10°7) q-}U\'UwUﬂth

B [1077, 107%) :

= o i i i

M 107710 Fig, 2: Soft X-ray flux from 2024-12-10 00:00 to
X 1074, 00}

2024-12-12 07:44 UTC. Source: NOAA /SWIC.

The structure of this paper is organized as follows: Section 2 provides an overview of the current

research methods in the field of solar flare forecasting; Section 3 analyzes the datasets and evaluation

metrics used for flare forecasting and introduces a publicly available flare prediction dataset within the
domain; Section 4 evaluates the actnal forecasting capabilities of various prediction methods; and finally,
Section 5 summarizes the conclusions of this study and discusses the limitations and potential directions

for future research.

Short-term solar flare forecasting models typically provide predictions within 1 to 3 days prior to
the oecurrence of a flare. The forecast includes whether a flare will oceur, its intensity level, the
time and location of its occurrence, and whether it will be associated with other solar activities.
These forecasting models are primarily categorized into two types: classification problems and regression
problems. Classification problems predict discrete values, such as the likelihood of a flare ocourring, while
regression problems provide continuous values, such as the peak soft X-ray flux or the duration of the flare.

Solar flare forecasting methods can be further divided into physics-based models and data-driven
models. The data-driven approaches are further subdivided into statistical methods, machine learning

methods, and deep learning methads ([3]).

Physics-based approaches play a crucial role in solar flare forecasting research. These methods attempt

method, which involves observing the slight decrease in stellar brighiness cansed by a planel passing in
Iront of a star. Apart [rom exoplanet hunting, TESS’s high-precision data also support the study of stellar
physies. By analyzing light curves, scientists can study the properties ol stars such as rotation, pulsation,
and magnetic activily, providing data for the study of stellar structure and evolution.

During ils primary mission, TESS conducted a two-year survey of the solar neighborhood. IL monitored

1he brightness of stars Lo search [or periodic dips in brightness caused by planetary transits. As ol July 4,

2020, ils primary mission came Lo an end, and now TES?

s in ils extended mission. The planets discovered

by TESS span a wide range, [rom small rocky worlds Lo gianl planels, clearly demonstrating the diversity

of planels in the Milky Way. Additionally, the exoplanels and aclive star largets identilied by TESS will

serve as priorily observation targets for future missions, such as the James Webb Space Teleseope(13]. This

will contribute to lurther research on planetary atmospheres, stellar activity, and more.
TESS completed its primary mission by imaging approximately 75% of the starry sky. This was pari,
of a two-year survey as detailed in Section 2.2, In capluring this vast mosalc, TESS discovered 66 new

exoplanets, as well as nearly 2,100 planct eandidates, which astronomers are now working to confirm|14].

TESS's camera design and data collection process are designed Lo achieve high-precision observalions

of a large area of the sky. Since the camera is fixed on the sa :, TESS rotates the satellite to achieve

dillerent observation areas, During the two-year mission cycle, TESS conducted 26 pointings, each taking

about two orbital eyeles, covering the entire southern and northern regions of the night sky. These pointings
are evenly distributed in the longitude direetion ol the ecliptic coordinates Lo ensure the maximum coverage
of the sky area. In each observation, the lield of view of TESS's four cameras is 24°x24°, and the lield of
view alter synthesis reaches 24°x96°, about 2300 square degrees. One camera is [ixed Lo the ecliplic pole,
and the other three cameras are evenly distributed [rom the ecliptic pole to 6% ecliptic latitude Lo achieve

a wider observalion area.

Aperture Photemetry

wmS  —F =S afF S|
e #im &

overleaf 4% #&E B3RS AEERA
b3 HEE TEZ—H
IR
1. R3ER, B
S
2. TERS, e
FIE+R
S
4. ETERK, HE

ERERERER

v

Q\
)
5

Full Frame Images

Target Pixel Files Light Curve Files

Fig. 1: Photometric data products|15]

In actual operation, TESS's camera oulpuls an image every 2 seconds. To oplimize storage and

processing, every 60 images are superimposed on the satellite 1o generale an image with an equivalent,

hx posire e of 2 minutes and stored in the solid-state buller (38B). These 2-minute exposure images
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They pass on the secrets of the galactic center black hole



