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The circle of scientific discovery

From data to model
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Outline
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Symbolic Regression

> Definition

Symbolic regression (SR) is a method designed to discover,
through algorithms, a functional expression that effectively describes the relationships

between variables in a given dataset, without prescribing the specific form of the function.
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Genetic programming SR
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https://zh.wikipedia.org/wiki/%E7%BA%A6%E7%BF%B0%E5%86%85%E6%96%AF%C2%B7%E5%BC%80%E6%99%AE%E5%8B%92
https://en.wikipedia.org/wiki/Genetic_programming

Funsearch

» Funsearch--Beyond Knowledge Retrieval.

 FunSearch's Goal: Leverage the LLM's creativity to solve complex, open scientific

problems requiring rigorous discovery.

 FunSearch marks a paradigm shift in LLM applications: from retrieving known

knowledge to creating new knowledge.

Retrieving known knowledge Creating new knowledge

Traditional LLM Funsearch
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AI-Newton’s architecture

Experiment base Autonomous discovery workflow Theory base
— 'SeTec'ti;n' — Fang, et al., 2504.01538
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» Knowledge base (experiment + theory):

stores and manages structured knowledge

core: physical concepts

> Knowledge representation: 1. Effectively represent

employs a physical domain specific language(DSL) knowledge;
> Autonomous discovery workflow: 2. Reduce search
space

continuously explores physical laws, core: plausible reasoning

collaboratively updates both general and specific knowledge
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Tests and results

» Based on noisy data, important natural laws are discovered!

» Unsupervised! Without prior physical knowledge!

Physical objects

Schematic of experiments
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gravity
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Fang, et al., 2504.01538

Discovered important general laws

Energy conservation
Z T, + Z 0,V = const.,
ke{x,y,z} Ae{k,g,G}

where T}, and V, are defined as:

universal

ravitation = 2
9 T:i= E mivy .

i €Particles
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i€ Springs
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Newton's second law

(62=0o0r1, determined spontaneously during
instantiation as specific laws in experiments)
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Tests and results

» Statistical analysis of concept discovery timing:
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Fang, et al., 2504.01538

(Roman numerals for era numbering)
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Laws of quantum physics

» Gap between classical and quantum system

« Collapse: No continuous measurement, only “in” and “out” states
* Uncertainty principle: No exact position, only distributions, eigenvalues...

* Nonlocality: Local measurement cannot provide complete information

> Key difficulty

 Need to construct an evolutional (continuous) theory based on discrete data,
i.e., only “in” and “out” states

* |s the evolution kernel unique ?
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Challenges for scientific Al

> LLMs’ reliability often drops in scientific problem-solving
> Prioritize perfect performance over cost control

» Caused from the inherent complexity of natural sciences

* Long, multi-step and unstructured reasoning
* Modeling of real-world scenarios

* Understanding of fundamental laws

* Implicit constraints

* Deterministic & probabilistic, precise & approximate

» Hard to detect due to logical leaps in the provided answers

 Both human and Als alike tend to omit steps they consider "obvious" 1120



How to address this issue?

» Human expert review & refine

« Slow and expensive, hard to scale

» Al: e.g., Logical Chain Augmentation (LOCA)

« Enforcing logical completeness and structurally decomposing reasoning steps into

verifiable principles and derivations, within an augment-and-review loop

Fang et al., 2510.01249
Jian et al., 2511.10515
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Overview of LOCA-R’

Raw Solution(S,q,)
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Example: raw answer with logical leaps

» For the following question

Question

There is now an electrolyte with thickness L in the z direction, infinite in the z direction, and
infinite in the y direction. The region where y > 0 is electrolyte 1, and the region where y < 0 is
electrolyte 2. The conductivities of the two dielectrics are o4, o2, and the dielectric constants are
€1, €2, respectively. On the zOz interface of the two dielectrics, two cylindrical holes with a radius
R are drilled in the z direction, spaced 2D (D > R, R, D <« L) apart, with centers located on the
interface as long straight cylindrical holes. Two cylindrical bodies + are inserted into the holes, with

the type of the cylinders given by the problem text below.

The cylindrical bodies & are metal electrodes filling the entire cylinder. Initially, the system is
uncharged, and at ¢ = 0, a power source with an electromotive force U and internal resistance 7y is

used to connect the electrodes. Find the relationship between the current through the power source

and time, denoted as i(t).

> The raw answer is

Given the potential difference u, it can be seen:

B B _ 2m(e1+ex)pr  m(er+er)u
P+ =u/2,p- = —uf2,A= 2%, ~ arccosh(D/R)

Select a surface encapsulating the cylindrical surface and examine Gauss’s theorem. For the positive
electrode, it is easy to see:

= = - AL 2mulL
E-dS=L ¢ E-ndl = =
f/ j( " (e1+e2)/2  2arccosh(D/R)

Since the above potential distribution is deemed directly applicable for the calculation of current, the
total current flowing out of the positive electrode is:

L o o140 2mul
I = E-dS =
_//U s 7 = 2arccosh(D/R)

Given the current ¢ passing through the power source, this current changes the net charge:

d(AL) . . 2rul

i m(e1+e2)L du
dt B 2arccosh(D/R) ~ 2arccosh(D/R) dt

* Non-atomicity
« Implicit justification

According to the loop voltage drop equation:
U=ryi+tu—>u=U—rg
i 7(o1 + o2)L _ m(e1tel)L 7”0@
2arccosh(D/R) 2arccosh(D/R) " dt
di (014 02)U o1+ 0s  2arccosh(D/R)Y .
at ro(e1 + €2) - (51 + g9 nroL(e1 + €2) ) ¢

(U - Toi) =

At time ¢ = (), all current should preferentially enter the capacitor. At this time, the initial current is
U/ro, and this differential equation yields:

2arccosh(D/R) [ (01 + 09  2arccosh(D/R) )] }
+ —€exp |—
mroL(oy + 03) €1+ €9 mroL(ey + o2)

U
2arccosh(D/R)
7l'TOL(0’1 +0’2)

i) = T (1 +
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Example: complete and structured answer

Refined Answer 1

Problem Statement Explanation

The problem describes a physical system composed of two semi-infinite electrolytes, separated by
the Oz plane.

- **Electrolyte 1**: Occupies the region y > 0, with electrical conductivity & and dielectric con-
stant (permittivity) ;.

- **Electrolyte 2**: Occupies the region y < 0, with conductivity 9 and permittivity 5.
Two long, parallel cylindrical metal electrodes, denoted as + and —, are placed within this system.

- **Geometry**: The electrodes are of radius R and length L. They are oriented parallel to the
z-axis. Their centers lie on the Oz interface and are separated by a distance of 2D.

- **Agsumptions**; The geometry satisfies the conditions D > R and {R,D} < L. The latter
condition allows us to neglect end effects and treat the problem as two-dimensional in the zy-plane,
with total quantities (like capacitance and resistance) being proportional to the length L.

Attime ¢ = 0, this system is connected to a power source.

- **Power Source**: An ideal electromotive force (EMF) U with a constant internal resistance 7.

- **Initial Condition**: The system is initially uncharged, meaning the potential difference across
the electrodes is zero at t = 0.

The goal is to find the current i(¢) flowing from the power source as a function of time.
Step 1: Equivalent Circuit Model

The physical system can be modeled as a simple electrical circuit. The two electrodes immersed in
the electrolytes act as a capacitor, storing charge, and simultaneously as a resistor, allowing a leakage
current to flow between them through the conductive medium.

- The capacitive nature is due to the storage of electric charge on the electrodes when a potential dif-
ference is applied, with the electrolytes acting as the dielectric material. Let’s denote the equivalent
capacitance as C.

- The resistive nature is due to the flow of charge (ions) through the electrolytes under the influence
of the electric field, from the positive to the negative electrode. Let’s denote the equivalent resistance
of the electrolytes as Reje..

Since charge can be stored on the electrodes while simultaneously leaking through the medium, the
capacitor C and the resistor R, are in parallel. This parallel combination is connected in series
with the internal resistance 7 of the power source with EMF U,

Step 2: Derivation of the System’s Capacitance

The total capacitance is the sum of the capacitances of the upper and lower halves of the system,
which are connected in parallel.

First, we state the standard formula for the capacitance per unit length, C”, between two parallel
cylindrical conductors of radius R with centers separated by a distance 2D in a uniform dielectric

» The complete and structured answer with logical rigor

medium with permittivity €.

o TE
" arccosh(D/R)
In our problem, the upper half-space (y > 0) is filled with electrolyte 1 (1), and the lower half-space

(y < 0) is filled with electrolyte 2 (¢2). Due to the symmetry of the electric field about the y = 0
plane, we can consider this as two capacitors in parallel.

- C4: Capacitance of the upper half, in a medium with permittivity ;.
- Cy: Capacitance of the lower half, in a medium with permittivity €.

The capacitance per unit length for each half is:
el 1
'™ arccosh(D/R) o

' TE2
Ca= arccosh(D/R) @

The total capacitance per unit length, C;_,;, is the sum of the parallel contributions.

C;otal = C{ + Cé
The total capacitance C for the electrode length L is then derived.

c _ meY + TEY _ m(e1 + €2) 3)
total ™ arccosh(D/R) ' arccosh(D/R)  arccosh(D/R)

—C . L= Meite)l
C=Ciotar" L= arccosh(D/R) ;

Step 3: Derivation of the System’s Resistance Similarly, the total resistance of the electrolyte is
determined by the two parallel paths for current flow through the upper and lower electrolytes.

For a system with a given geometry, the resistance R and capacitance C' in a homogeneous medium
are related.

RC=1%

o

We can apply this relation to each half of our system. - R;: Resistance of the upper electrolyte with
conductivity . - Ry: Resistance of the lower electrolyte with conductivity os.

Ry — g _ & _ &1 arccosh(D/R) _ arccosh(D/R) )
U]Cl U](C{L) U]L e 7(G'1L

_ & __& _ &2 arccosh(D/R) _ arccosh(D/R) ©)
03Cy  03(CyL) o3 TEY woaL

Since the current can flow through both electrolytes simultaneously, these two resistances are in
parallel. The total equivalent resistance of the electrolyte, R,;., is given by:

L _1.1
Reee Ri Ry
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Example: complete and structured answer

_ 7o L + oL _ wloy+o3)L @
Regec - arccosh(D/R) = arccosh(D/R) - arccosh(D/R)

__ arccosh(D/R)
Repec = o1 +oa)l (8)

Step 4: Formulation of the Governing Differential Equation

Let i(¢) be the current from the source and u(t) be the potential difference across the electrodes.
Applying Kirchhoff’s Voltage Law to the circuit loop:

U =i(t)ro + u(t)

The current () from the source splits into two paths in the parallel combination: a charging current
ic(t) for the capacitor and a leakage current i (t) through the resistor.

i(t) = ic(t) + ialt)

The currents i (t) and ir(t) are defined by the properties of the capacitor and resistor:

ic(t) = d—u

Retee

Combining these, we get a differential equation relating i(¢) and u(¢).

du  ut)
it)=C— + (&)
( ) dt Rﬂlcc
To find an equation solely for i(t), we eliminate u(t). From the loop law, u(t) = U — i(t)ro
Differentiating with respect to time gives ?T? =—Tp %. Substituting these into Eq. equation 9;
. di U—irg
=C|-ro— | +
‘ ( 0 dt) Retec
di U To
~Cro—, + - i
0 dt Rcinc Re!ec
di U . To )
Cro— =—5——i|1+
Udt Rclec ( Rclcc
di U 1 1
= At Ay )i (10)
dt CTORc!ec ( C”"D CReias)

This is a first-order linear ordinary differential equation for i(t).

Step 5: Solving the Differential Equation The differential equation equation 10 is of the form d; +
Bi=A.

d—g; +P(t)y =Q(t) = y(t) = [FOU (/Q(t)ef Pt gy 4 K)

» The complete and structured answer with logical rigor

For our constant-coefficient case, the general solution is i(t) = i, +i4(t) = A/B 4 Ke~ 5!, where
iss 18 the steady-state current and K is a constant determined by the initial condition.

_ i 1 _To + Re!ec
B CTO + CRelec B CTURelec an
— é — U/(CTUReiec) — U (12)

fes B (Tﬂ + Re!ec)/(CTORetec) ro + Rejee

The initial condition at ¢ = 0 is that the system is uncharged, so u(0) = 0. From the loop law,
U =i(0)rq + u(0), which gives the initial current:

. U
i(0) = T_o (13)
Applying this to the general solution at £ = 0:
i(0) = dgs + Ke°
U U
— =+ K
To o+ Re!ec
_Uu U i (ro + Retec) =10 URetec (14)
ro T+ Rejee ro(ro + Retee) ro(ro + Retec)
Substituting 7,5, K, and B back into the solution gives i(¢):
. U UReiec ( 70 + Relee )
i(t) = + xp | — t 15
( ) o + Reiec "”U(TU + Re!ec) P CrURs!ec ( )

Final Answer

The relationship between the current through the power source and time, (), is found by substi-
tuting the expressions for the equivalent capacitance C (Eq. equation 4) and resistance Reje. (EqQ-
equation 8) into the general solution (Eq. equation 15).

The steady-state current is:

. U U
ILSS R ]
7o + Relec To + 34‘,—1::‘?:?:‘3)?

The decay constant in the exponent is:

1 . 1 o1+0  arccosh(D/R)
- CReiec CTD - €1+ €2 TTT()(El +62)L

The final expression for the current i(t) is:

i(t) = U U U exp [ (01 + o2 " arccosh(D/R)) t]
e (T crtes " et el

6]
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The CPhO: a challenging testbed

» The Chinese Physics Olympiad (CPhO): a premier national
physics competition organized annually in China

» For our evaluation, we focus on the theory examination of the
4274 CPhO 2025 (final round held in Fuzhou at the end of
October)

 Demands of long, multi-step reasoning
* Multimodal problems

* No data contamination issue
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Overall performance across various base LI.Ms

Jian et al., 2511.10515

» Overall performance of LOCA-R on four mainstream LLMs

Performance Comparison of LLMs with Direct Prompting vs. LOCA-R
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Comparison across more baseline methods

» Comparison of LOCA-R and more baselines

Jian et al., 2511.10515

Table 1: Comparison across baseline methods. Gemini 2.5 Pro is used for all cases, and results are

presented as the score of each theory problem, the total score of all 7 theory problems and the error rate
defined in Eq. 7. Bold indicates the best performance. LOCA-R consistently achieves the highest score and

the lowest error rate.

Method /1 2 3 4 5 6 7 | Total Score | Error Rate
Human’s highest | - - - - - - - | 204 | 36%
Direct Prompting | 45 41 45 33 39 39 40 282 12%

Zero-Shot-CoT |45 37 45 45 45 38 40 295 7.8%
Few-Shot CoT 45 45 45 41 45 42 39 302 5.6%
ToT 45 45 45 41 45 40 39 300 6.3%

GoT 45 34 20 36 45 39 39 258 19%
MAD 45 33 42 43 45 44 40 292 8.8%
Self-refine 45 43 45 35 39 41 40 288 10%
PSN 45 32 39 43 45 43 45 292 8.8%
LOCA-R(ours) | 45 45 45 45 45 43 45 313 2.2%
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Summary and outlook

» Human scientific discovery necessitates a new research paradigm, Al may help
> From data to theory:
* Plenty of ideas proposed

« Surpasses human experts in many topics

» From theory to data:

« Al surpasses human experts for established fields
« Al improves fast for frontier fields

> Al for scientific discovery: remains in its nascent stage, but very promising

Thank you!
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