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COMPLEX SYSTEMS

A complex system displays collective behavior that does not
trivially inferred from the behaviors of the individual compo-
nents.

Figure: Protein interaction netwok (Wikibooks)



COMPLEX SYSTEMS MODELING CHALLENGES

Understanding of complex systems has become a daunting chal-
lenge due to:

» Unique properties, namely nonlinearity, emergence and
self-organization

» Data voluminous



RNA

RNA is a complex biomolecule.
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RNA SS SUB-STRUCTURES

RNA SS composed of sub-structures.
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RNA FOLDING PROBLEM

Analyzing RNA SS is invaluable in understanding genetic dis-
eases and creating new drugs.

Predicting pseudoknot free structure is inaccurate and predict-
ing psuedokntted structure is NP-hard.

Accurate prediction of RNA SSs is still an ongoing challenge in
computational biology.



RNA FOLDING PROBLEM

The main goal of this thesis is to develop a new RNA secondary
structure prediction model.

> Self adaptability behaviour



METHDOLOGY

Our methodology is based on three pillars.
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TOPOLOGY

Topology is the branch of mathematics concerned with the study
of shapes up to different notions of equivalence.
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SIMPLICAL COMPLEX

A simplicial complex is a geometrical representation of a topo-

W

Figure: From left to right, 0-simplex, 1-simplex, 2-simplex and
3-simplex, respectively



BUILDING SIMPLICIAL COMPLEXES

» Point clouds: Cech and Vietoris-Rips

» Graphs: Clique



TOPOLOGICAL INVARIANTS-HOMOLOGY

Topology classifies the topological space using topological in-
variants, such as, homology and homotopy.

Homology groups detect holes and loops indirectly by looking
at the space surrounding them.

The kth homology group is

Hk = Zk/Bk = ker@k/imOkH



TOPOLOGICAL INVARIANTS-BETTI NUMBERS

Betti numbers giveaway to count the number of distinct loops
and holes.

» Bettip - connected components
» Betti; - one dimensional hole

» Betti, - two dimensional hole

0@

[1,0,0] [1,0,0] [1,1,0] [1.21]



PERSISTENT HOMOLOGY FILTRATION

Persistent homology studies how the invariants of the shapes
evolve along the filtration.
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TOPOLOGICAL DATA ANALYSIS

The aim of TDA is to infer relevant, qualitative and quantita-
tive topological information from large, high- dimensional, and
diverse datasets.

TDA measures the features of topological space based on topo-
logical invariants, such as Betti numbers .

Persistent homology is a method in TDA appealing for various
applications



GRAPH REWRITING

Graph rewriting is the rule-based modification of graphs, where
each application of a graph rule leads to a graph rewriting
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GRAPH REWRITING




THE S[B] PARADIGM

A computational model for self-adaptive complex systems with
two coupled levels:

» Behavioral level:- B

» Structural level:- S
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SIMPLICIA DATA ANALYSIS OF RNA

The folding space for RNA secondary structure with n nucleotides
1.8" (Zuker & Sankoff, 1984)

Enumerating all possible RNA conformation has been shown to
be impractical for sequence longer than 40 nucleotides (Cupal
et. al., 1997)

The folding space is corresponding to multidimensional space
(Huang et. al., 2012)




HOW TO BUILDING A SIMPLICIAL COMPLEX FROM
THE FOLDING SPACE

We follow two different ways to construct a similcial complex
from the folding space.

» Folding space as a point cloud: using Vietoris-Rips
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» Folding space as a complex graph: using CWRPH




RESULT ACHIEVED-I

» Persistent Homology Analysis of suboptimal structure

Further increasing e to 20 results only two clusters.



RESULT ACHIEVED-I

» Persistent homology Filtration on 5s rRNA
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RESULT ACHIEVED-II

Betti number generators are used to derive five classes of RNA
structural elements from the folding space.
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RESULT ACHIEVED-II

The TDA results are compared with two prediction tools
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RESULT ACHIEVED-II

We estimated the underlying linear relationship between the RNA

sequence length and the number of persistent loops missed, by
linear regression.

Linear regression relation between sequence lenght and loops missed
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GRAPH REWRITING FOR MODELING RNA FOLDING

Graphical representation of RNA secondary structure provides
the basis for modeling its folding process via graph rewriting .

Such transformations are expressed by derivations of a given
graph grammar.

RNA graph grammar: Grya = ({p : (L <~ K = R) },¢p, Go)

p (Helix —1):
.i_. ‘K. r R
T | If
¢ e o0 @ .
T _.QC:O



RNA FOLDING AS GRAPH REWRITING: A TOY
EXAMPLE

Two possible folding transformations of an RNA molecule with
21 nucleotides
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THE FOLDING PROCESS AS LTS
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B
RNA S[B]- CHALLENGES

Challenges:

» Graph transformation can be used to model the folding
process of RNA, but not able to identify the minimum free
energy secondary structure.

» Searching for the minimum free energy structure is
computational demanding



REVERSIBLE MODEL FOR RNA FOLDING

p:L+~K—=R

We can obtain the reverse rule
p 'R+ K—=L

We used the S[B] paradigm
» B (behavioural level): models the folding process

» S (structural level): controls the process by imposing
constraints over B.



RNA S[B]- BEHAVIORAL LEVEL

The behavioral level B = (Q, —p, £,qo) is a LTS..
» G: the secondary structure derived at each transformation
(translation);

» e: energy of the derived secondary structure in kcal/mol;

> —p: the transition type, —p=—¢ U —; where —,= (=)'
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RNA S[B]- STRUCTURAL LEVEL

The structural level S = (W, —s, O, A, wy)

The structural level S controls the adaptation dynamics of the B
level towards the lowest MFE secondary structure.

(C @' A—)

D) = next € forward(q): e(gnext) < €(q)



RNA S[B]- CHALLENGES

o
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This model faces four main challenges, namely
» Livelock
» Non-terminating
» Memorylessness

» State space explosion



RNA S[B]- NEW STRUCTURAL LEVEL

ﬁ-a' A 3, adaption

@' A=, steady

70’ \ -, - adaption

Dl = Fgnext € forward(q): (e(gnext) < e(g))A(explore(gpext) == 0)



ANALYSIS OF SIMPLICES FOR STATE SPACE
REDUCTION

Confidence intervals are used to get sense of whether the pre-
diction estimates are any good.
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ANALYSIS OF SIMPLICES FOR STATE SPACE
REDUCTION

The states in the big circle represent the subspace of the B-level
as predicted by the upper bound regression line.



CONCLUSION

The proposed approach combines data driven techniques with
formal approaches for modeling the RNA secondary structure
prediction.

The proposed approach, only focus on theoretical modeling; thus,
developing RNA secondary structure prediction tool is the work
to be done.
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