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Monte Carlo Tree Search



  

Lee Sedol is among the strongest and the most famous
9p Go player :

AlphaGo Lee won 4-1 against Lee Sedol in march 2016.



  

AlphaGo Zero

   



MCTS



  

• State of the art in General Game Playing (GGP)
• Best AI of the Ludii system (https://ludii.games/)
• Simple modification of RAVE
• Uses statistics both for Black and White at all nodes
• “In principle it is also possible to incorporate the 

AMAF values, from ancestor subtrees.  However, in 
our experiments, combining ancestor AMAF values 
did not appear to confer any advantage.”

GRAVE



  

Modeling Gene Regulatory Networks



  



  

Hybrid Gene Regulatory Networks
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Nested Monte Carlo Search



  

Nested Monte-Carlo Search



Refutation of Spectral Graph 
Theory Conjectures

 

 
● Monte Carlo Search better than Deep RL 
[Roucairol & Cazenave 2022]



Coalition Structure Generation

● Lazy Nested Monte Carlo Search with clever 
state space [Roucairol et al. 2024] :

 

 



  

Nested Monte Carlo Search :
● Morpion Solitaire [Cazenave 2009]
● SameGame [Cazenave 2009]
● Sudoku [Cazenave 2009]
● Expression Discovery [Cazenave 2010]
● The Snake in the Box [Kinny 2012]
● Cooperative Pathfinding [Bouzy 2013]
● Software Testing [Poulding et al. 2014]
● Heuristic Model-Checking [Poulding et al. 2015]
● Pancake problem [Bouzy 2015]
● Games [Cazenave et al. 2016]
● Cryptography [Dwivedi et al. 2018]
● RNA inverse folding problem [Portela 2019]
● Perfect Rectangle Packing [Doux et al. 2022]
● Refutation of Spectral Graph Theory Conjectures [Roucairol et al. 2022]
● Coalition Structure Generation [Roucairol et al. 2024]
● Optimization of Radars [Ardon et al. 2024]
● Neural Architecture Search [Lallouet et al. 2024]
● Retrosynthesis [Roucairol et al. 2024]
● Drug-like molecule generation [Roucairol et al. 2024]
● …

Applications



  

Retrosynthesis



  

Retrosynthesis



  

• Find a set of chemical reactions that enable to 
synthetize a given molecule.

• The state space is an AND/OR tree as in games.
• DF-PN and MCTS have been used to find 

retrosynthesis pathways.
• Alphachem [Segler et al. 2017].
• AiZynthFinder [Genheden et al. 2020].

Retrosynthesis



  



  

Retrosynthesis



  

Drug Discovery



  



  

DrugSynthMC

• De novo design of virtual libraries
• Statistics on ngrams with the molecules of the FDA
• Lipinski rule of 5
• Synthesizability with AIZynthfinder
• Thousands of novel drug-like molecules per second
• Very small dataset used to train the ngrams (FDA)
• Future work : target oriented evaluation



  

DrugSynthMC



  

Nested Rollout Policy Adaptation



● NRPA is NMCS with policy learning.
● It uses sampling with a softmax of the move 

weights as a playout policy.
● There are recursive levels of best sequences 

as in NMCS.
● There is a policy at each level.
● The policy is reinforced on the best sequence.

Nested Rollout Policy Adaptation



Nested Rollout Policy 
Adaptation

● Each move is associated to a weight wi

● During a playout each move is played with 
a probability:

exp (wi) / Sk exp (wk)



Nested Rollout Policy 
Adaptation

● For each move of the best sequence:
wi = wi + 1

● For each possible move of each state of the 
best sequence:
wj = wj – exp (wj) / Sk exp (wk)



Morpion Solitaire

                                       World record [Rosin 2011]



Virtual Network Embedding

● MCTS for 5G network slicing [Elkael 2023]



Snake in the Box
● Find a long path in an hypercube :

● Improved lower bounds [Dang & al. 2023]



  

● Morpion Solitaire [Rosin 2011]
● CrossWords [Rosin 2011]
● Traveling Salesman Problem with Time Windows [Cazenave et al. 2012]
● 3D Packing with Object Orientation [Edelkamp et al. 2014]
● Multiple Sequence Alignment [Edelkamp et al. 2015]
● SameGame [Cazenave et al. 2016]
● Vehicle Routing Problems [Edelkamp et al. 2016, Cazenave et al. 2020]
● Graph Coloring [Cazenave et al. 2020]
● RNA Design [Cazenave & Fournier 2020]
● Network Traffic Engineering [Dang & al. 2021]
● Refutation of Spectral Graph Theory Conjectures [Roucairol & Cazenave 2022]
● Slicing 5G [Elkael et al. 2023]
● Snake in the Box [Dang et al. 2023]
● Latin Square Completion and Kakuro [Cazenave 2024]
● Flexible Job Shop Scheduling [Kobrosly et al. 2025]
● …

Nested Rollout Policy Adaptation



  

RNA Design



  

RNA Design

• Molecule Design as a Search Problem
• Find the sequence of nucleotides that gives 

a predefined structure
• Useful for synthetic biology, medicine, and 

nanotechnology
• GREED-RNA: Greedy Local Search



RNA Design

● Find a sequence that has a given folding



  



Eterna 100

● Human experts have managed to solve the 
  100 problems of the benchmark
● No program has so far achieved such a      
  score.
● The best score in 2018 was 95/100 by 
NEMO: NEsted MOnte Carlo RNA Puzzle 
Solver



NEMO

● NEMO uses two sets of heuristics
● General ones that give probabilities to 
pairs of bases.
● More specific ones that are tailored to 
puzzle solving.



GNRPA



  



  



  



  



  

RNA Design

• Montparnasse
• Multi Objective Generalized Nested Rollout 

Policy Adaptation with Limited Repetitions
• Base Pair Distance (BPD), Hamming 

Distance, …
• Stop search at a level if the same best 

sequence is found a second time.
• Prior on CG, GC and A.



  

RNA Design



  

RNA Design



  

RNA Design



  

RNA Design



  

RNA Design

• The most difficult problems from Eterna are 
solved within one day.

• Eterna consists of puzzles for the secondary 
structure.

• Next step : 3D design.



  

3D RNA Design



Why tertiary RNA design for drug discovery?

• Therapeutic RNAs (aptamers, ribozymes, miRNA scaffolds) depend 
on 3D shape

• Most inverse folding tools focus on secondary structure only
• Need a practical method for short/medium RNAs (< 100 nt)

Goal: design sequences whose predicted 3D structure matches a target 
3D structure.

M. MLAWEH et al. AAAI 2026



Inverse folding as structure optimization

BeeRNA formulates RNA inverse folding as a structure-driven 
optimization problem.
Input
• Target tertiary structure T3D (PDB)
• Corresponding secondary structure Tsec

Objective S ∗ = arg min RMSD  F (S ), T3D
 

S

where F (S ) is the predicted 3D structure obtained using RhoFold [1].

#References%20i


Why structure-based evaluation matters

M. MLAWEH et al. AAAI 2026

Most prior inverse folding methods [2, 3, 4, 5] evaluate 
performance using native sequence recovery:
• The percentage of nucleotides that are identical to the native 
sequence

#References%20i
#References%20i
#References%20i
#References%20i


Why structure-based evaluation matters

Predicted structure (orange) vs. sequence structure (blue) for 2OUE RNA. Despite 98.4% 
native recovery, RMSD and GDT-TS show a poor structural match.

Limitation:
•High sequence identity (e.g., native sequence recovery) does not guarantee accurate tertiary 
folding.

•Tertiary contacts depend on long-range interactions

BeeRNA instead evaluates candidates by comparing their predicted 3D structure to the target.



Optimization with Artificial Bee Colony

BeeRNA uses an Artificial Bee Colony (ABC) metaheuristic [6] 
to explore the sequence space.
Population
• Candidate RNA sequences (food sources)
• Initialized under base-pairing and GC-content constraints

Search phases
• Employed bees: local sequence mutations
• Onlooker bees: probabilistic selection of good candidates
• Scout bees: replacement of stagnant solutions

M. MLAWEH et al. AAAI 2026

#References%20i


Two-stage fitness evaluation

Evaluating tertiary structures is computationally expensive. 
BeeRNA reduces cost using a two-stage fitness.
Stage 1: secondary structure filter

•Compute Base Pair Distance (BPD) to target Tsec
•Reject sequences with BPD > 0

Stage 2: tertiary structure evaluation
•Fold remaining sequences using RhoFold
•Compute RMSD to the target structure

This focuses expensive evaluations on structurally plausible 
candidates.



Datasets & metrics

Datasets
•RNASolo (short RNAs) [7]
•RFAM-derived 3D set (broad 
ncRNA lengths) [8, 9]

•14-structure benchmark (diverse 
PDBs) [10]

Metrics
•RMSD 
(primary)

•GDT-TS 
(secondary)

#References%20ii
#References%20ii
#References%20ii
#References%20ii


RNASolo: BeeRNA vs gRNAde

Average performance

Metric BeeRNA gRNAde

RMSD (˚A) 2.50 9.33

GDT-TS (%) 26.91 18.97

BeeRNA consistently achieves low RMSD on short RNAs.

RMSD vs sequence length on RNASolo. BeeRNA remains stable as length increases, while 
gRNAde degrades.



RFAM: BeeRNA vs gRNAde

Average performance

Metric BeeRNA gRNAde

RMSD (˚A) 14.98 16.24

GDT-TS (%) 11.56 9.77

BeeRNA performs best on short and medium-
length RNAs.

RMSD vs sequence length on RFAM. Shaded region highlights sequences longer than 100 nt, 
where performance degrades for both methods.



14-structure benchmark: BeeRNA vs gRNAde vs RiboDiffusion

PDB Len BeeRNA gRNAde RiboDiff.

1F27 19 2.21 14.94 3.47

1LNT 22 3.69 17.51 8.08

354D 23 10.68 17.38 12.89

1L2X 27 3.00 3.93 3.47

1Q9A 27 2.65 6.57 4.35

1CSL 28 2.93 3.36 12.25

1ET4 35 11.34 13.51 12.18

1XPE 46 20.92 14.26 10.85

1X9C 60 21.00 25.19 26.79

2OUE 61 21.00 22.14 24.71

4FE5 67 11.80 8.42 9.78

2GDI 78 8.00 15.73 8.49

2GCS 122 24.00 25.71 1.66

2R8S 159 26.00 20.20 5.38

• BeeRNA achieves the lowest RMSD on 10/14 structures.
• Strong performance on short and medium RNAs (≤100 

nt).
• Higher RMSD on long targets is partly due to no initialization 

reaching BPD =  0, requiring a fixed penalty.



Takeaways

•BeeRNA brings training-free metaheuristic search to 
tertiary RNA inverse folding

•Two-stage evaluation (BPD → RMSD) makes 3D design 
practical

•Strong results for short/medium RNAs (<100 nt) relevant 
to therapeutics

Limitations /  next
•Scaling to long RNAs (search space + expensive folding 
calls)

•Future: multi-objective optimization, improved 
initialization



  

• Monte Carlo Search has many applications to 
Chemistry and Biology:

– Modeling Gene Regulatory Networks
– Retrosynthesis
– Drug Discovery
– RNA Design

Conclusion


