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Fast Structure Prediction Enables RNA Design
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5’                                                                         3’  

GCGGGAAUAGCUCAGUUGGUAGAGCACGACCUUGCCAAGGUCGGGGUCGCGAGUUCGAGUCUCGUUUCCCGCUCCA 

How to Fold RNAs in Linear-Time?

• idea 0: tag each nucleotide from left to right

• maintain a stack:  push “(”,   pop “)”,   skip “.”

• naive: O(3n)
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GCGGGAAUAGCUCAGUUGGUAGAGCACGACCUUGCCAAGGUCGGGGUCGCGAGUUCGAGUCUCGUUUCCCGCUCCA 

• idea 2: approximate search: beam pruning

• keep only top b states per step

• DP+beam: O(n)
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Details: Packing “Temporarily Equivalent” States
• two states are “temporarily equivalent” if they share the same stack top index

• because they are looking for the same nucleotide(s) to match this stack-top nucleotide

• we pack them as a single state until a matching is found, when they unpack

• this is how we can explore exponentially many structures in linear time
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Idea 3: Beam Search => Version 4: O(n), approx.
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Computational Linguistics => Computational Biology
linguistics computational biologycompiler theory

1958 Backus & Naur:
        CFGs for program, lang.

1986 Tomita: Generalized LR  
        for all CFGs: O(n3) 

2019: LinearFold O(n)  
           (approx.) RNA folding

1978: Nussinov O(n3) RNA folding
1981: Zuker & Siegler

 25

1964 Cocke    \
1965 Kasami   - CKY O(n3)
1967 Younger /  for all CFGs

1965 Knuth: LR parsing for  
        restricted CFGs: O(n) 

comp. linguistics
1955 Chomsky: context-free  
        grammars (CFGs)

2010: Huang & Sagae: O(n) 
         (approx.) DP for all CFGs

2019: 5’-to-3’ O(n3) RNA folding
           (LinearFold with +∞ beam)
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Connections to Incremental Parsing
• shared key observation: local ambiguity packing

• pack non-crucial local ambiguities along the way

• unpack (in a reduce action) only when needed

(Huang and Sagae, 2010)

psycholinguistic evidence  
(eye-tracking experiments):

delayed disambiguation

John and Mary had 2 papers
John and Mary had 2 papers

Frazier and Rayner (1990), Frazier (1999)

 26
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Results



LinearFold with SOTA Prediction Models

• models from two widely-used folding engines

• CONTRAfold MFE (machine-learned)

• Vienna RNAfold (thermodynamic)

• we linearized both systems from O(n3) to O(n)

efficiency systems

time space machine-learned thermo-dynamic

baselines O(n3) O(n2) CONTRAfold Vienna RNAfold

our work O(n) O(n) LinearFold-C LinearFold-V
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Efficiency & Scalability: O(n) time, O(n) memory
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Accuracy

• Tested on Archive II dataset  
(on a family-by-family basis)

• significantly better on 3 long families

• biggest boost on the longest families:  
16S/23S rRNAs

• LinearFold-V vs. Vienna is similar
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Improvements on Long-Range Base Pairs
• long-distance pairs are well-known to be hard to predict 

• LinearFold outputs less long-range base pairs, but more correct ones
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Fig. 8. Circular plots of the prediction results on three RNA sequences (from three different RNA families) comparing the baselines (A–C: CONTRAfold MFE; G–I: Vienna RNAfold)
and our LinearFold (D–F: LinearFold-C; J–L: LinearFold-V). Correctly predicted base pairs are in blue (true positives), incorrectly predicted pairs in red (false positives), and missing true
base pairs in light gray (false negatives). Each plot is clockwise from 5’ to 3’. We can observe that (1) our LinearFold greatly reduces the false positives, esp. on CONTRAfold; (2) our
LinearFold correctly predicts many long-range pairs, e.g., LinearFold-C on all three sequences (D–F) and LinearFold-V on E. coli 23S rRNA (L); (3) our LinearFold is able to predict the
longest 5’-3’ pairs, even with the beam size of 100, which is an order of magnitude smaller than the sequence lengths of 16S and 23S rRNAs. (4) in almost all cases (except for LinearFold-V
on B. subtilis 16S rRNA (K)), LinearFold substantially outperforms the corresponding baseline.
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Improvements on Long-Range Base Pairs
• long-distance pairs are well-known to be hard to predict 

• LinearFold outputs less long-range base pairs, but more correct ones
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Fig. 8. Circular plots of the prediction results on three RNA sequences (from three different RNA families) comparing the baselines (A–C: CONTRAfold MFE; G–I: Vienna RNAfold)
and our LinearFold (D–F: LinearFold-C; J–L: LinearFold-V). Correctly predicted base pairs are in blue (true positives), incorrectly predicted pairs in red (false positives), and missing true
base pairs in light gray (false negatives). Each plot is clockwise from 5’ to 3’. We can observe that (1) our LinearFold greatly reduces the false positives, esp. on CONTRAfold; (2) our
LinearFold correctly predicts many long-range pairs, e.g., LinearFold-C on all three sequences (D–F) and LinearFold-V on E. coli 23S rRNA (L); (3) our LinearFold is able to predict the
longest 5’-3’ pairs, even with the beam size of 100, which is an order of magnitude smaller than the sequence lengths of 16S and 23S rRNAs. (4) in almost all cases (except for LinearFold-V
on B. subtilis 16S rRNA (K)), LinearFold substantially outperforms the corresponding baseline.
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Fig. 8. Circular plots of the prediction results on three RNA sequences (from three different RNA families) comparing the baselines (A–C: CONTRAfold MFE; G–I: Vienna RNAfold)
and our LinearFold (D–F: LinearFold-C; J–L: LinearFold-V). Correctly predicted base pairs are in blue (true positives), incorrectly predicted pairs in red (false positives), and missing true
base pairs in light gray (false negatives). Each plot is clockwise from 5’ to 3’. We can observe that (1) our LinearFold greatly reduces the false positives, esp. on CONTRAfold; (2) our
LinearFold correctly predicts many long-range pairs, e.g., LinearFold-C on all three sequences (D–F) and LinearFold-V on E. coli 23S rRNA (L); (3) our LinearFold is able to predict the
longest 5’-3’ pairs, even with the beam size of 100, which is an order of magnitude smaller than the sequence lengths of 16S and 23S rRNAs. (4) in almost all cases (except for LinearFold-V
on B. subtilis 16S rRNA (K)), LinearFold substantially outperforms the corresponding baseline.
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LinearFold correctly predicts many long-range pairs, e.g., LinearFold-C on all three sequences (D–F) and LinearFold-V on E. coli 23S rRNA (L); (3) our LinearFold is able to predict the
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Incremental Parsing <=> Incremental Folding
• humans process sentences incrementally

• human language sentences evolve to be 
incrementally parsable

 33

• RNAs & proteins fold while being assembled

• RNA & protein sequences evolve to be 
incrementally foldable

• these might explain why linear-time search performs better than exact search
Chinese 
speech

English 
text

Chinese 
text



Fast Structure Prediction Enables RNA Design
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GCGGGAAUAGCUCAGUUGGUAGAGCACGACCUUGCCAAGGUCGGGGUCGCGAGUUCGAGUCUCGUUUCCCGCUCCA

RNA sequence

RNA secondary structure RNA 3D structure

designstructure prediction 
(“folding”)

Professor Rhiju Das 
Stanford Medical School

EteRNA game 
(RNA design)

detecting active TB using RNA design 
which needs our fast RNA folding



Computational Linguistics => Computational Biology
linguistics computational biologycompiler theory

1958 Backus & Naur:
        CFGs for program, lang.

1986 Tomita: Generalized LR  
        for all CFGs: O(n3) 

2019: LinearFold O(n)  
           (approx.) RNA folding

1978: Nussinov O(n3) RNA folding
1981: Zuker & Siegler
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1964 Cocke    \  bottom-up
1965 Kasami   - CKY O(n3)
1967 Younger /  for all CFGs

1965 Knuth: LR parsing for  
        restricted CFGs: O(n) 

comp. linguistics
1955 Chomsky: context-free  
        grammars (CFGs)

2010: Huang & Sagae: O(n) 
         (approx.) DP for all CFGs
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… O(n3) dynamic 
programming



Computational Linguistics => Computational Biology
linguistics computational biologycompiler theory

1958 Backus & Naur:
        CFGs for program, lang.

1986 Tomita: Generalized LR  
        for all CFGs: O(n3) 

1978: Nussinov O(n3) RNA folding
1981: Zuker & Siegler

 36

1964 Cocke    \  bottom-up
1965 Kasami   - CKY O(n3)
1967 Younger /  for all CFGs

1965 Knuth: LR parsing for  
        restricted CFGs: O(n) 

comp. linguistics
1955 Chomsky: context-free  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… O(n3) dynamic 
programming

1985 Shieber: NL is not CF
1970s Joshi:

1990s TAGs for RNA pseudoknots



first linear-time (approximate) RNA folding algorithm
better in accuracy (esp. long seqs and long-range pairs) 

http://linearfold.org

http://linearfold.org


Thank you very much !

first linear-time (approximate) RNA folding algorithm
better in accuracy (esp. long seqs and long-range pairs) 

http://linearfold.org

http://linearfold.org

