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Gene networks (1)

Di erent levels of mathematical abstraction:
Time: discrete or continuous
Variables: binary or continuous

Boolean networkgKau man 1969, 1993]:
N genes (= 1;::;N) with Boolean level of expressiox;(t) 2 f O; 1g,
discrete timet =0, 1;2;::: :

Xi(t+1) = fi(Xrii(t);:::;XrKi(t)); i=1;:;N

Each gend hasK; regulatorsr?, ... , rl

Each gene has eegulation function f; : f0; 1g%i 7! f 0; 1g
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Gene networks (2)

Piecewise linear dierential equatiofMason et al., 2004] (related to
continuous-time switching networks [Glass, 1975]), with genes and
continuous timet:

dXi _

dt
Binary valued function®; (0=1) depending orK inputs X il(t); X iz(t); an X ik (t).
Binary variableX ; = 1 if x; i Xi=0ifx; < .

iXi + Bi(Xi (1); Xi,(1); 5 X5, (1);  i=1;:N

Simpli ed model for modelling the logical control of the increase and
decay of protein concentrations in genetic networks.

Implementable inCMOS technologywith AND and OR logic functions.
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Oscillations: the repressilator

[Mason et al., 2004]

A possible mechanism for generating oscillations is by a ring of elen{eitteer inhibit or
activate the next element in the ring)

Regulatory functions are represented by a truth table.
Ring of three genesnplemented in bacterigElowitz & Leibler, 2000].
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Oscillatory behaviour in gene networks

[Mason et al., 2004]: truth table example for a ve gene network

Synthetic biologyarea: programmable cells are able to interface natural and engineered
gene networkgKobayashi et al., 2004].

Future perspective: 'downloading' synthetic gene circuits, encoded DNA, into cells,
creating a 'wet' nano-robot; in vivo biosensing [Hasty et al., 2002]
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Toggle switch Circuits and systems: Chua's circuit

& yav: )
ELrEaeger]

Natural switch from the bacteriophage where the promotor$gy and G Ing(vey)
Pr are repressed by the product of each other [Hasty et al., 2002]

Remembering the stimulus event after removing the transient stimulus. [Ty
Multi-stability has important role in cell signaling [Angeli et al., 2004] i Nr

Toggle model: - - .
9 1 _ Chua'’s circuit [Chua et al., 1986]: in dimensionless form
1 Fv high state 8

du/dt=0 )
> 2 < v x f()

y

u

\
u; v concentrations of repressors 1,2
Cooperative repression of transcribed promotg 1 _ o _
[Gardner et al., 2000 fow state F()= mux+ 5(mo my)(jx+1j j x 1)

- unstable state
1AL

(depending on; : bistability, limit cycles, chaos)
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Bifurcation to Chaos More hidden units

(Veys Ve,)-plane: Multi-stability & Multi-scroll chaos:

Extend the nonlinearity and
create additional equilibrium points
[Suykens & Vandewalle, 1991; Arena, 1996; Yalcin, 2001; Lu, 2006

Mulitlayer neural networks are universal approximators [Hkrrii989]

e
Power spectrunvc,:

e
-@-O-m

birth of the double scroll attractor !

(Chua's circuit has 1 hidden unit, more hidden units for multi-stability)
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A gallery of multi-scroll attractors Lur'e systems

L

m(t)=0

Lur'e systems:

8
<

Cx ! x=Ax+ B (Cx)
)

(here () satis es a sector condition)

Many examples of Lur'e systems in di erent areas:

Recurrent neural networks (Hop eld networkA = |1, C = 1) [Hop eld, 1985]
Cellular neural networks (sparse and structured matrige8; C ) [Chua, 1988]
Actuator saturation in control systems

Chua's circuit, multi-scroll circuits,

Arrays of coupled networks, ...

[Suykens & Vandewalle, 1991; valcin et al., 2001] [Li, Chen, Aihara, 200Bshowed thatmany common genetic oscillator

models can be transformed into Lur'e form (e.g. Goodwin model).
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Stability analysis and LMIs (1) Stability analysis and LMIs (2)

Linear system: Lur'e system:
’ . = x=Ax+ B (Cx)
X = AX

Quadratic Lyapunov function:

Try e.g. a quadratic Lyapunov function (leading to su cient stability
condition):

. . V= xTPx; P=PT>0

V = x' Px; P=P >0
Stability analysis: exploit the fact that belongs to sectof0; k]

Stability analysis:
v y L = x'Px+x"Px

X

P
V= x"Px+ x"Px=x"(ATP + PA)x< 0 X'Px+x"Px 2 (i ka'x)=[xT T]z

Global asymptotic stability for
ATP+ PA PB+kCT
B'TP+k C 2
then globally asymptotically stableafy initial state x(0) converges
Linear matrix inequality (LMI)for a given matrixA [Boyd et al., 1994] to the origin ), where =diag f jgwith ; O.

Z= <0

ATP+ PA< O
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Synchronization of Lur'e systems

Master-slave synchronization scheme (drive-response):

M :
S:

Ax + B (Cx)
Az+ B (Cz)+ K(x 2)

X
z

Master systemM drives slave syster§ (follows behaviour imposed by
the master system):under which conditions do the systemdd and S
synchronize?

(studies in synchronization of chaotic systems, and applications tocuse
communications [Pecora & Carroll, 1990; Chen & Dong, 1998; Yalcin let2005])

Mutual synchronization scheme:

Ax + B (Cx)+ Ky(x 2)
Az+ B (Cz2)+ Ky(x 2)

SystemsM ; and M , mutually in uence each other.
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Synchronization example
Master system

No synchronization Synchronization
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Interpretation as a control problem

Master-slave synchronization scheme:
M : = Ax+ B (Cx)
S: Az+B (Cz)+u
C: K(x 2)

with control signalu.

Control objective:for given matricesA; B; C design a controllelC with
matrix K such that synchronization is achieved.

For Lur'e systems synchronization can be characterized by LMIs.

Synchronization can be achieved famy choice of initial statex(0); z(0):

for all initial state choices the systems synchronize in the sense that

kx(t) z(t)k! Owhentimet!1l
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Di erent control problems and approaches

Often one cannot measure the complete state vecterz: consider
dynamic measurement feedbackntroller instead of full state feedback.

Robust synchronizationA; B; C matrices non-identical for master and
slave system: it is possible teynchronize two systems up to a small
synchronization error(e.g. limit cycle versus chaos); control in the
presence of disturbances or noise (eHj; control)

Control via impulses(sporadic coupling, only from time to time and
non-equidistantly in time) instead of continuously controlling

Control in systems withtime-delays

Other forms of synchronization: partial synchronization cluster
synchronizationphase synchronizatigrconnection withgraph topology

[Chen et al.; Wu et al.; Suykens et al.; Nijmeijer et al.;Yalcin et al.]
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Problems in synchronization theory

Master-slave Synchronization Schem%s

Non-autonomous Autonomous
IMPULSIVE

COUPLING Impulsive
EXTERNAL Synchronization

= INPUT
NonlinearH | DELAY
Synchronization Time-delay
Synchronization

PARAMETER
MISMATCH

Robust NonlineaH ; Robust
Synchronization Synchronization

Design Purposes
Chaotic Lur'e Systems

[Yalcin et al., 2005]
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From genes to cells: hierarchical nature

DNA ..TACCCGATGGCGAAATGC...
mRNA ..AUGGGCUACCGCUUUACG...
Protein ..Met-Gly-Tyr-Arg-Phe-Thr..

! or
Enzyme

l

Reaction network

Cell physiology % @

[Tyson et al., 2001]
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Map of protein-protein interactions

www.nd.edu/ networks

[Barabasi & Bonabeau, 2003; Barabasi & Oltvai, 2004
Highly linked proteins (network hubs) tend to be crucrial for celhgual.
Only few proteins are able to physically attach to a huge number.
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Scale-free networks

Random network Scale-free network

/\

Number of links Number of links Number of links
[log scale]

Number of nodes

Number of nodes

Number of nodes
[log scale]

[Barabasi & Bonabeau, 2003; Barabasi & Oltvai, 2904

Random networksbell curve distribution
Scale-free networkspower law distribution
Robust against accidental failures, but vulnerable to coordinatédcks

Biological networks: growth (gene duplication) armteferential attachement
(rich-gets-richer mechanisnrmew nodes prefer to link to the more connected nodes)
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Optimization by synchronization Local optimization

Meaning of master-slave synchronization in a networks context: Consider the optimization problem:
master(s) play the role of 'hubs' in a dynamical systems context

min U(x)
Framework of cooperative behaviour in the context of optimization, based x2R
on coupling of optimization processes and master-slave synchronization

[Suykens et al., 2001] with cost functionU() continuously di erentiable.

Hierarchical schemeobjectives (cost functions) at the individual level Simple continuous-time steepest descent algorithm:

and at the group level
x= r,U(x)

Example of collective behaviour in cellguorum-sensing

. . . , converging to a local optimum.
Cell density broadcasting and detection by elements from a bacterial

guorum-sensing system regulating the death rate [You et al., 2004] Better local optimization methods:

momentum term, Newton method, conjugate gradients, ...
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Coupled local minimizers Toy example: double potential well

Essential idea for coupled local minimiz¢&uykens et al., 2001]:

1. consider two (or more) local optimizers and let them interact
2. enforce that the optimizers should reach the same nal state,
i.e. require state synchronization

Example:consider the following objective

min U(x)+ U(z) suchthat x =z
X;Z

Lagrange programming network:

g = r ,Ux) (x 2
r ,U@@)+(x z)+
X z

The initial statesx(0);z(0) are chosen to be in the two di erent valleys.
The statesx(t); z(t) converge to the global solution at= z= 2.9

(blue: x(t) - red: z(t) - green: (t))
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More general formulation

Minimize average energy cost subject to pairwise synchronization states

X _ . . _
min = UX®) suchthat x® x(*Y =0; i=1;2::q
xO2Rn O

with boundary conditionx© = x(@, x(@* = x@) (g minimizers)

Augmented Lagrangian (synchronization as hard and soft constraint)

q q q
L(X(i); (i)) - 7X U[X(i)] + EX i kX(i) X(i+1) k§+ X h (i); [X(i) X(i+1) Ji
q i=1 2 i=1 i=1

Lagrange programming network:
(

XV = o UL G D X0 O )@ GO

= xO X i =125
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Interacting optimizers

Multi-start local optimization Coupled Local Minimizers

No interaction Interaction and information exchange

weight spac weight spac

The coupling constants can be optimized to achieve optimal cooperative
search at the group level [Suykens et al., 2001].

Additional noise can be injected into the system [Gunel et al., 2006].

Extensions to coupled simulated annealing processes can be made with
cost function evaluations only [Xavier-de-Souza et al., 2006].
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Optimal cooperation

Decrease of ensemble energy cost:

dui - 1X @uxV] g,
dt q,, @O '~
1 X4 I..@L{X(i)]. @L{X(i)] .
ai:l Cax® g @®
x® Dy Gy

iaxt P x0)

Optimal cooperation: LP problem in (scheduling of ; values)

such that < i<

This incorporates the principle of master-slave synchronization.
An important role is played by the initial distributiop(x(0))
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Optimization of Lennard-Jones Clusters

In predicting the three-dimensional structure of proteins from amino acid
sequencespotential energy surface (PES) minimization is often related
to the native structure of the protein Optimization of Lennard-Jones
(LJ) clusters is considered to be a benchmark problanthis point [Sali,
1994; Wales, 1997, 1999].

Cost function:
X 11
Uy =4 (7r 7 6 )
i< Vi ij
i<j

with rj the Euclidean distance between atomandj (j =1;::N).

(LJ)3s which possessesdouble-funnel energy landscape and is known
to be an interesting test-caspVales, 1997, 1999].

Important role ofp(x(0)) / exp[ lex(O)Tx(O)] (similar to considering
a con ning potential in e ective potential minimization methods).
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Case (LJ)sg

x10°

Evolution of the cost function fog = 50 coupled local minimizers, reaching
the global minimum con guration for (LJ)s with double-funnel landscape.
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Case (LJ)1s0

Potential for application to larger scale problems

SCCB 2006 Johan Suykens

Acknowledgements

Prof. Joos Vandewalle, Prof. Bart De Moor, Prof. Mustak Yalcin,
Samuel Xavier-de-Souza, Dr. Serkan Gunel, Daniel Hillier, ProdorL
Chua, Prof. Tamas Roska, Prof. Paul Curran, Tao Yang, Prof. Desie
Bole, Prof. Serdar Ozoguz, and several others.

Many people for joint work, discussions, invitations, joint organization of
meetings.

Support from GOA-Ambiorics, COE-OE, IAP V, FWO, IWT.

SCCB 2006 Johan Suykens

References

Aldana M., Cluzel P., \A natural class of robust networksENAS, July 22, 2003, vol. 100, no. 15,
8710-8714

Angeli D., Ferrell J.E., Sontag E.D., \Detection of multistability, hircations, and hysteresis in a large
class of biological positive-feedback systemBNAS, 101(7), 204, 1822-1827, 2004

Arena P., Baglio S., Fortuna L., Manganaro G., \Generation nfdouble scrolls via cellular neural
networks", Int. J. Circuit theory & applications 24, 241-252, 1996.

Barabasi A., Bonabeau E., \Scale-free networkScienti c American May 2003, 50-59.
Barabasi A. \Taming complexity",Nature Physics1, 68-70, 2005.

Barabasi A, Oltvai Z.N., \Network Biology: Understanding the Cells's Fuctal Organization”,Nature
Reviews Genetic$, 101-113, 2004.

Belykh T., Hasler M., Lauret M., Nijmeijer H., \Synchronization and graph topologytt. J. Bifurcation
and Chaos15(11): 3423-3433, 2005

Blum L. Cucker F., Shub M., Smale SComplexity and Real ComputatiorSpringer, 1997.

Boccaletti S., Kurths J., Osipov G., Valladares D.L., Zhou C.S. \The slironization of chaotic systems”,
Physics reports - review section of physics letters, 366 (1-2): 1-101, 2002

Boyd S., L. El Ghaoui, E. Feron, V. Balakrishnahinear Matrix Inequalities in System and Control
Theory, SIAM, 1994.

Chen G.R., Dong X.From Chaos to order: methodologies, perspectives and applicatiasld Scienti ¢
Pub. Co., Singapore, 1998

Chua L.O., Komuro M., Matsumoto T., \The Double Scroll Family'lEEE Transactions on Circuits and
Systems-| 33(11), 1072-1118, 1986

SCCB 2006 Johan Suykens




Chua L.O.,CNN: a Paradigm for ComplexifyWorld Scienti c, Singapore, 1998.

Chua L.O., Yang L., \Cellular neural networks: Theory and Applicais”, IEEE Transactions on Circuits
and Systems;135(1), 1257-1290, 1988.

Chua L.O., Roska T., \The CNN paradigm"|EEE Transactions on Circuits and Systems40(3),
147-156, 1993.

Cichocki, A. & Unbehauen, R.Neural Networks for Optimization and Signal Processind/iley,
Chichester, 1994.

Cohen L., \The history of noise (on the 100th anniversary of its birth)JEEE Signal Processing
Magazine Vol. 22, No. 6, pp. 20-45, 2005.

Elowitz M.B., Leibler S., \A synthetic oscillatory network of transptional regulators”, Nature, 2000
Jan 20; 403(6767): 335-338.

Gardner T.S., Cantor C.R., Collins J.J., \Construction of a genetmggle switch in Escherichia coli",
Nature 403: 339-342, 2000.

Glass L., \Combinatorial and topological methods in nonlinear chemicaéti@s”, Journal of Chemical
Physics 63, 1325-1335, 1975.

Glass L., T.J. Perkins, J. Mason, H.T. Siegelmann, R. Edwards, \Chaotic dyeanm an electronic
model of a genetic network"Journal of Statistical Physics121(5/6), 2005.

Gunel S., Suykens J.A.K., Vandewalle J., \Global Optimization with CleapLocal Minimizers Excited
by Gaussian White Noise", NOLTA 2006, to appear.

Hasty J., McMillen D., Collins J.J., \Engineered gene circuitdNature, 420: 224-230, 2002.

Hopeld J.J., Tank D.W., \Neural computation of decisions in optimization pri#ms", Biological
Cybernetics52: 141-152, 1985.

Hornik K., Stinchcombe M., White H., \Multilayer feedforward netwks are universal approximators",
Neural Networks 2(5): 359-366, 1989.

SCCB 2006 Johan Suykens

Kau man S., \Metabolic stability and epigenesis in randomly constructed gémenets”, Journal of
Theoretical Biology pp.437-467, 1969.

Kau man S., C. Peterson, B. Samuelsson, C. Troein, \Random Boolean netwoddeis and the yeast
transcriptional network",PNAS, 2003 100: 14796-14799.

Kobayashi H., Kaern M., Araki M., Chung K., Gardner T.S., Cantor C.R., l®sl J.J., \Programmable
cells: Interfacing natural and engineered gene networkBtpceedings of the National Academy of
SciencesUSA 101: 8414-8419, 2004.

Li C., Chen L., Aihara K., \Synchronization of coupled nonidentical geaesscillators",Physical Biology
3 37-44, 2006

Lu J.H., Chen G.R., \Generating multiscroll chaotic attractors: Théms, methods and applications",
Int. J. of Bifur. Chaos Vol. 16, pp. 775-858, 2006.

Maciejowski J.M.,Multivariable feedback desigriddison-Wesley, 1989.

Mason J., Linsay P., Collins J.J., Glass L., \Evolving complex dynamics ioteleic models of genetic
networks", Chaos 14: 707-715, 2004.

Neumaier A., \Molecular modeling of proteins and mathematical prewintof protein structure,"SIAM
Rev. 39, 407-460, 1997.

Nijmeijer H., Mareels I., \An observer looks at synchronizationEEE Trans. Circuits Syst., vol. 44,
pp. 882{889, Oct. 1997.

Pecora L.M., Carroll T.L., \Synchronization in chaotic systemsPhys. Rev. Lett, 64, 821-824, 1990.
Pikovsky A.S., Rosenblum M.G., Osipov G.V., Kurths J., \Phase synchronizatibohaotic oscillators
by external driving",Physica O 104 (3-4): 219-238, 1997

Sali A., Shakhnovich E., Karplus M., \How does a protein foldNature, 369, 248-251, 1994.
Suykens J.A.K., Vandewalle J., \Generation of n-double scrolls (n=1,2,34,. IEEE Transactions on
Circuits and Systems-ISpecial issue on chaos in nonlinear electronic circuits, vol. 40, no. 11, 1993, pp.
861-867.

SCCB 2006 Johan Suykens

Suykens J.A.K., Chua L.O., \n-Double scroll hypercubes in 1D-CNN#fiternational Journal of
Bifurcation and Chaosvol. 7, no.8, 1997, pp. 1873-1885.

Suykens J.A.K., Vandewalle J., Chua L.O., \Nonlinean Hsynchronization of chaotic Lur'e systems",
International Journal of Bifurcation and Chapsol. 7, No. 6, Jun. 1997, pp. 1323-1335.

Suykens J.AK., Curran P.F., Chua L.O., \Robust synthesis for master-slavetsymization of Lur'e
systems",IEEE Transactions on Circuits and Systemsrbl. 46, no. 7, Jul. 1999, pp. 841-850.

Suykens J.A.K., Curran P.F., Vandewalle J., Chua L.O., \Robust nosdinH; synchronization of chaotic

Lur'e systems",IEEE Transactions on Circuits and SystemsSpecial Issue on Chaos Synchronization

and Control : Theory and Applications, vol. 44, no. 10, Oct. 1997, pp. 891-904.

Suykens J.A.K., Yang T., Chua L.O., \Impulsive synchronization of chaotic'€gystems by measurement

feedback", International Journal of bifurcation and Chapsol. 8, no. 6, Jun. 1998, pp. 1371-1381.

Suykens J.AK., Vandewalle J., De Moor B., \Intelligence and Coop®tSearch by Coupled Local

Minimizers", International Journal of Bifurcation and Chapsol. 11, no. 8, aug. 2001, pp. 2133-2144.

Tyson J.Y., Chen K., Novak B., \Network dynamics and cell physiologiat. Rev. Mol. Cell Biol. Vol
2, pp. 908-916, 2001

Wales, D.J., Doye, J.P.K., \Global optimization by basin-hopping and thevést energy structures of
Lennard-Jones clusters containing up to 110 atom3!',Phys. Chem. A101, 5111-5116, 1997.

Wales D.J., Scheraga H.A., \Global optimization of clusters, crystals, and biomdés," Science 285,
1368-1372, 1999.

Wang X.F., Chen G.R., \Complex networks: small-world, scale-free, aegiond", IEEE Circ. Syst.
Magazine Vol. 3, No. 1, pp. 6-20, 2003.

Watts D.J., Strogatz S.H., \Collective dynamics of small-world networkdyature, 393, 440-442, 1998.

Willems J.C., \Dissipative dynamical systems I: General theory. II: &irgystems with quadratic supply
rates", Archive for Rational Mechanics and Analys#b, 321-351, 1972

SCCB 2006 Johan Suykens

Wu C.W., Chua L.O., \A uni ed framework for synchronization and control of dymical systems"|nt.

J. Bifurcation and Chaaos4, 979-989, 1994.

Xavier de Souza S., Yalcin M.E., Suykens J.A.K., Vandewalle J., \TowaNN3Chip-speci ¢ robustness”,
IEEE Transactions on Circuits and SystemsSpecial Issue on CNN Technology and Active Wave
Computing, vol. 51, no. 5, May 2004, pp. 892 - 902.

Xavier de Souza S., Suykens J. A. K., Vandewalle J., \Learning of Spatipiena Behavior in Cellular
Neural Networks", International Journal of Circuit Theory and ApplicationsSSpecial Issue on CNN
Technology (Part 1), vol. 34, no. 1, Jan. 2006, pp. 127-140.

Xavier de Souza S., Suykens J.A.K., Vandewalle J., Bolle D., \CooperatigeaBior in Coupled Simulated
Annealing Processes with Variance Control", NOLTA 2006, Bologna, to appear.

Yalcin M.E., Suykens J.A.K., Vandewalle J., \Master-Slave SynchronizationLaf'e systems with
Time-Delay", International Journal of Bifurcation and Chapsol. 11, no. 6, Jun. 2001, pp. 1707-1722.
Yalcin M., Ozoguz S., Suykens J.A.K., Vandewalle J., \Families of Scroitl@ttractors", International
Journal of Bifurcation and Chags/ol. 12, no. 1, Jan. 2002, pp. 23-41.

Yalcin M.E., Suykens J.A.K., Vandewalle J.P.LCellular Neural Networks, Multi-Scroll Chaos and
Synchronizationvol. 50 of World Scienti ¢ Series on Nonlinear Science, Series ArlivScienti ¢ Pub.
Co (Singapore), 2005.

You L., Cox R.S. Ill, Weiss R., Arnold F.H., \Programmed population contoglcell-cell communication
and regulated killing",Nature, 428(6985): 868-871, 2004.

Zhang S., Constantinides A.G., \Lagrange programming neural networdEEE Trans. Circuits and
Systems-|| 39, 441-452, 1992.

SCCB 2006 Johan Suykens




